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MSW Transducers

1. INTRODUCTION

This report describes research on magnetostatic wave transducers performed at RADC over the
past several years. Using the theory presented here, terminal characteristics of MSW delay lines,
made up of a pair of transducers and a ferrite delay medium can be computed for cases of practical
interest. Insertion loss, phase, time delay, and input impedance versus frequency may be computed.
Input parameters are: magnetic biasing field, transducer geometry, YIG parameters and geometry, and
ground plane spacing. The theory accurately predicts the behavior of wide band single element MSW
transducers on YIG, and the behavior of multielement transducers weakly coupled to the YIG when
individual transducer elements are narrow compared to interelement spacing and when maximum
transducer dimensions are small compared to electromagnetic wavelengths. Under identical
conditions a transducer apodization equation is developed.

Nine chapters and five appendices make up the report. A table of contents is useful in locating
specific topics. Organization of the report is as follows: Gyromagnetic wave propagation basics,
transducer geometries, and MSW delay line fabrication are discussed in Chapter 1. MSW analysis,
starting with Maxwell's equations coupled with the Gyromagnetic equation, is developed in Chapter 2,
to the point where transducer radiation resistance, reactance and delay line insertion loss are
determined. Chapter 3 provides a description of MSW computer programs and procedures {or using
them. Examples of computer generated data, in the form of plots, are provided in Chapter 4. A
description of MSW experiments and their results, performed at RADC/EEA, are given in Chapter 5.
Chapter 6 discusses specialized topics that may be useful for further improvement of transducer

{Received for publication 13 December 1988)




models, and a new generalized model thatl adapts (o any stripline waveguide. Chapler 7 provides a
description and evalnation ol all MSW related publications produced by EEA. Chapter 8 is a detailed
analysis of the back reaction of nonreciprocal magnetostatic surface waves onto the current which
generated them. Chapter 9 provides a short discussion.

Appendix A provides a reasonably complete list of publications related to the work of this report.
Appendixes BB and E provide analytical details related to current distribution and a combined TT/TL
model, respectively. A list of symbols and notation is provided in Appendix C. Appendix D describes a
protolype band pass [ilter fabricated at RADC/EEA that has not been previously published.

1.1 Propagating MSW Modes

Figure 1-1 shows the three basic pure propagating magnetostatic wave modes in a magnetic film
of yttrinm iron garnet, or in other low loss ferrites. At the present time virtually all MSW devices are
characterized without regard to magnetocrystalline anisotropy because this effect is small. On the
other Liand, magnetic anisotropy due to the presence ol a DC magnetic basing field is large and cannot
be neglected. This bias field induced anisotropy gives rise to the three distinct propagating modes.
They are known as MSSW, MSBVW and MSFVW, for magnetostatic surface waves, backward volume
waves, and forward volume waves, respectively.

With present devices, MSWs typically propagate on the order of fifty wavelengths before losing
an appreciable amount of energy through scatiering and beam spreading. These waves, or modes, are
potentially useful for analog signal processing directly at microwave frequencies, and for tunable
nanoscecond delay lines.

A physical mechanism for propagating MSW modes is the energy transfer between neighboring
magnetic dipoles. Minimum loss occurs when the magnetic medium is magnetically saturated; all
magnetic domains are removed leaving one large domain with all dipoles having the same amplitude
and orientation. When waves are present, the dipoles coherently waver with varying orientation.

Magnetostatic waves can be viewed as ordinary electromagnetic waves propagating in a
ferrimagnetic medium with most of the energy carried by the magnetic field component of the EM
wave. Ferromagnets, on the other hand, have large conducting losses, and consequently are not used
for MSW. The waves are slow, about three orders of magnitude slower than light. Although the electric
ficld can be neglected when calculating magnetic field, using the magnetostatic approximation curl
H = 0; the electric field cannot be neglected when calculating power flow because Poynting's vector,

E » H. may be large. The RF magnetic field may be calculated from Maxwell's equations along with the
gyvromagnetic equation which characterizes the magnetic medium. RF magnetic fields are found from
the gradient of a scalar potential, y. Then, the associated RF electric field follows from the calculated
magnetic ficld. These {wo calculated RF field components, E and H, define the Poynting vector. This is
the essenee of slow magnetically dominated electromagnetic waves. Unfortunately, they have not
been given a useful descriptive name; and this leads to some confusion. They are not magnetostatic in
the usual sense of the word: that is to say. non-propagating. Actually, magnetic energy propagates in
well defined modes at a velocity midway between the velocity of acoustic waves in solids and
cleclromagnetic waves in space.
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Figure 1-1. Three Pure MSW Propagating Modes

1.2 RF Magnetization

Figure 1-1 also provides a good understanding of wave motion in ferrites. Here are depicted the
three pure propagating MSW modes. The basic feature distinguishing one mode from the other is the
orientation of the magnetic biasing field, H, and the direction of propagation relative to the film
normal. In all three cases, as depicted, energy propagation is from right to left. The magnetic biasing
field is spatially uniform and constant with time. The strength of this applied field is large enough to
saturate the magnetic medium; that is, all magnetic domains are removed. For YIG, the saturation
magnetization at room temperature is about 1760 gauss everywhere within the medium. In addition,
the vector M is exactly aligned with H when the magnetic system is undisturbed. When an RF magnetic
field is applied perpendicular to H, a precession of M takes place about H at frequency » and some
small angle 8. The transverse component of magnetization, my, rotates counter-clockwise when
viewed in the direction opposite to the orientation of H, as shown.

Consider, for example. the magnetostatic forward volume wave, MSFVW, shown in the center of
Figure 1-1. Here H is pointed in the positive y direction. When a wave is present, the magnitude of M is
unchanged but its orientation changes with wave motion. If we picture the group of circles depicted on
the YIG's top surface as moving to the left in the direction of propagation, then it may be seen that my
which traces out these circles, rotates in a CCW direction when viewed along the negative y direction,
at a fixed position in space. Components my and m,, are projections of m; onto the sides of the YIG
bars; and a wavelength is the distance between two circles along the propagation direction having
parallel my, as indicated in the figure. The other two modes behave in a similar manner.




The three modes depicted here are the only pure MSW modes that can exist in a ferrite slab. They
are pure in the sense that phase and group velocity vectors are colinear; either parallel or anti-
parallel. They are parallel for MSFVW and MSSW and anti-parallel for MSBVW. All other modes
have non-colinear phase and group velocity vectors. Actually, the three pure modes exist only in a
medium whose magnelocrystalline anisotropy is negligible. Magnetocrystalline anisotropy is
neglected in present day MSW devices. Moreover, low linewidth polycrystalline YIG, which has no
anisotropy. has successfully been used to demonstrate MSW device operation.! It may be possible to
propagate MSW over much longer distances than the present limit of about three centimeters, by
taking advantage of crystalline orientations that focus MSW. This is not presently done because it is
difficult to grow YIG films of high enough quality and large enough area in any plane other than the
(111) plane. In this plane magnetocrystalline anisotropy is weak.

As a further example of magnetization dynamics, refer to Figure 1-2a. Depicted here for an
MSSW is the movement of the RF magnetization component perpendicular to a DC magnetic field. The
RF component, my, is depicted by an arrow whose ip traces out an ellipse. The vector my rotates
counter-clockwise when the magnetic biasing field points out of the plane of the figure, as shown. The
energy propagation direction is given by H x i where 11 is a unit vector pointing upwards. This
elliptical motion resembles particle motion in a Rayleigh surface wave, SAW, hence the name
"Rayleigh type magnetic surface wave" is sometimes used. There is however, a subtle difference
between magnetic and acoustic surface wave dynamics, in addition to the obvious difference that one
is a wave of magnetization and the other a wave of physical displacement. A SAW can be supported by
a single solid/[ree space interface; an MSSW requires two interfaces such as in a thin film.

We can see why MSSWs require two surfaces to support them, by referring to Figure 1-2b and
Egs. (1) and (2). Figure 1-2b shows MSSW amplitude distribution throughout the thickness of the
propagation medium: Eq. {1) gives the MSSW amplitude ratio between top and bottom surfaces; and
Eq. (2) is the dispersion relation for MSSW on ferrite samples in free space. Note that as YIG
thickness, d. approaches zero, the ratio of surface amplitudes approaches unity: and when the
thickness approaches infinity, the amplitude ratio approaches zero. This means that energy density
is highly concentrated on one surface. However, as the thickness approaches infinity, MSSW
wavelength must also approach infinity in order to have a finite frequency [See Eq. (2)]. On the other
hand. when thickness approaches zero, MSSW wavelength also approaches zero for a finite frequency.
Thus, very thick films only support long wavelengths, and very thin films only support short
wavelengths. In the limit, d approaches infinity, wavelengths that satisfy the dispersion relation, but
are much larger than sample dimensions are not physically realizable. In the d approaches zero limit,
wavelengths of less than one micron are extremely lossy; and, so films less than one micron thick
may not be useful for MSW,

_ [coth(kd/2) - tanh(kd/2)}(1 + K)
Amplitude Ratio =y 47°3/9) + tanh(kd/2)](1 + K) = 2v+2 (1-1)

1. Zhang, X. and Lin, H. (1982) The present status of microwave ferrite materials and devices in
China, presented at the Third Joint Intermag/Magnetism and Magnetic Materials Conference.
Montreal, Canada, Paper EC-01.
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where K= [H(4rM)]/[HZ - (0/7)?]
and v = [4nM(w/y)]/IH2 - (n/y)?]

(o712 N2+ AaMI + (2reM)2[1 - exp (-4nd/A)] {1-2)

Voluime MSWs, on the other hand, resemble plate modes. They, (oo, require two surfaces;
however, in contrast to magnetic surface waves, both surfaces support equal energy densities, and the
cnergy density is not highly concentrated as are MSSW. This means that volume waves should be
capable of handling larger power levels before non-linearitics or saturation set in, and that, indeed, is
borne out by experiment. The preceding statements rigorously apply only when there are no
conducting ground planes near the surfaces. Ground planes can significantly modify spatial energy
densities. Such ellects are beyond the scope of the present discussion.

1.3 MSW Propagation Media

Virtually all MSW investigations are presently done on liquid phase epitaxy yttrium iron garnet,

LPE/YIG, films. This is because large, high quality films are commercially available. Refer to Figure
1-3. The material is available from several sources in the Unite States, Europe, and Japan. Quality of
the single erystal films is high. The linewidth at 9 Gz is often better than 0.5 oersteds, by far the lowest
linewidth ferrimagnetic material known. Saluration magnetization of the films is the same as for
bulk YIG, namely 1750 - 1780 Gauss, depending on purity, at room temperature. Lower saturation
magnetization is available. Lower magnetization is obtained with gallium dopants that reduce
saturation magnetization without appreciably increasing loss, that is, linewidth.

Crvstallographic orientation of commercially available YIG is, generally, as shown in
Figure 1-3. The (111) crystallographic plane is used because YIG grows very well in this plane. Its
quality is equal to that of the best flux grown single crystal YIG. No significant differences have yet
been reported for MSW propagation characteristics along the two crystallographic directions [110]
and [112]. However. small differences in the two directions can be observed under resonance
conditions. Ferromagnetic resonance, FMR, experiments in the (111) plane have shown
magnetoerystalline effects. The resonant frequency obtained for a given magnetic field is different
along the two orientations. The effect was shown to be small. See Figure 5-26 and Section 5.6.6 for a
quantitative estimate of the size of the effect.

Progress has been made in developing other materials for MSW including lithium ferrite,
hexagonal lerrites, and low loss polycrystalline YIG!, although the material loss and size still need
improvement. Lithium lerrite is attractive because it has a high saturation magnetization.
Hexagonad ferrites are attractive because they possess a large magnetocrystalline ar sotropy which
reduces hiasing ficld requirements. In this way, with some hexagonal ferrites and for a relatively
smalb applied ficld. less than a kilogauss, [requencies greater than 50 GHz are feasible.
Polvervstalline YiGi, as opposced to single crystal, is atiractive because it can be more easily deposited
on semiconductors, at the present time at least. However, it is doubtful that large amounts of delay

will e possihle with polverystalline YIG.
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More recently, bismuth doped LPE/YIG films have been shown to have interesting magneto-
optical properties. Thin magnetic LPE/YIG films constitute an area of interest for microwave,
millimeter wave, and optical signal processing. High perforrnance microwave MSW devices have
already been demonstrated.

1.4 MSW Delay Lines

1.4.1 TWO TERMINAL (TT) MODEL

Many of the analytical and graphical results presented in this report are based on the
configuration shown in Figure 1-4a. This configuration is defined as a TT, two terminal, model. A
microwave signal generator is connected to terminals A and C of a transducer made up of one or more
flat ribbon conductors. The conductors are connected in parallel as shown in the figure, or in series,
or a combination of both. A basic assumption, in this model, is that any current entering terminal A
leaves terminal C. There are no current variations along the transducer conductor length. Conductor
length is in the z direction in Figure 1-4b. Current variations across the width, x direction, of the
transducer, or across the width of any single conductor, however, are allowed. An MSW is launched at
the input transducer and received by an identical transducer at the output, thus forming a delay line.
Delay time at a given frequency is dependent on the value of a biasing field. Ground planes above and
below the YIG are allowed. MSW power levels are limited to milliwatts; otherwise non-linearities set
in. Typically, for MSSW and for O dbm input, -3 dbm to -50 dbm appears at the output, depending on
frequency and other parameters.

1.4.2 TRANSMISSION LINE (TL) MODEL

Figure 1-5a depicts a transmission line model configuration. The TL model treats each
transducer element; there are five per transducer in this figure, as a microstrip line. The lines are
assumed to be non-interacting. Here, they are connected in parallel so the characteristic impedance of
the entire transducer is one fifth the characteristic impedance of any one microstrip line. If the strips
are connected in series, the transducer characteristic impedance would be five times as large as the
characteristic impedance of any one microstrip line. The RADC/MSW computer programs handle
either the TT or TL models. The correct one to use in any given case is dictated by the way in which
transducers are fed.

1.5 Transducer and Delay Line Geometry

Typical MSW delay line dimensions are 0.3 - 3.0 cm path length between a pair of transducers,
2 - 10 mm transducer aperture and YIG width, 5 - 10 um thick transducer strips, 5 - 500 ym transducer
strip widths, and 5 - 100 um YIG thickness. At the present time the most useful frequency range is
from 1 - 15 GHz. Magnetic bias fields are between 100 and 5000 Gauss, and practical MSW wavelengths
are 10 - 1000 um. Except where specifically stated, all of the analysis presented in this report is based
on a two dimensional geometry. In particular, uniformity of all quantities is assumed in the direction
parallel to the YIG surface and perpendicular to the propagation direction; that is, parallel to the strip
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length. With respect to Figure 1-4b, this means that derivatives with respect to z are identically zero
for all quantities. Gradual current variations in the z direction are allowed in the transmission line
model, and in the combined model presented in Chapter 6.

1.6 Device Fabrication

Two basic configurations are used for the fabrication of MSW devices. In one configuration,
metal transducers are deposited directly onto a ferrite. In the other configuration, metal transducers
are fabricated on microstrip, and the ferrite film is flipped onto the microstrip circuit. The ferrite
may contact the metal transducer. For best performance, dimensional tolerances are controlled to
within an accuracy of 5 um or better. Figure 1-5a shows the configuration in which transducers are
deposited directly onto the ferrite. Here, a ground plane is shown deposited on the underside of the
GGG. Figure 1-5b shows the flipped configuration. Transducers are fabricated on the microstrip. and
YIG is flipped onto the transducers. The YIG film is between the GGG and transducer.

Dielectric constants of GGG and YIG are approximately equal, about 13. Because MSWs satisfy
the magnetostatic approximation curl H = 0 very well, dielectric discontinuities at material interfaces
are not important in MSW; and, they can generally be ignored. This assertion is well borne out by
experiment, and it can also be shown to follow from the basic equations of motion; that is, Maxwell's
equations and the gyromagnetic equation characterizing the magnetic medium, and curl H = 0.

1.6.1 FLIPPED (FC) AND WIRE OVER (WO) CONFIGURATION

Here we discuss RF energy distribution and time delay characteristics for two basic, FC and WO,
configurations. When MSSW are generated on a YIG slab in iree space, most of the energy concentrates
on the side of the slab nearest the transducer. We define a plus (+) wave as the one most strongly
coupled, and a minus {(-) wave as the one most weakly coupled. That is, the plus wave is concentrated
on the YIG surface closest to the transducer and the minus wave is concentrated on the surface furthest
from the transducer. The minus wave is weakly coupled because transducer RF fields must reach
through the YIG slab.

Energy concentration is then moaified by a ground plane, if one is present. For configuration
FC the transducer is between ground plane and YIG surface where MSW energy is concentrated
{(Figure 1-6). In this figure, plus waves hug the top surface of the YIG. The ground plane strongly
perturbs MSW velocity of the plus wave. On the other hand, minus waves hug the bottom YIG surface so
the ground plane does not strongly perturb MSW velocity because the wave is shielded from the ground
plane by the presence of the YIG itself. This is reflected in the plots shown in Figure 1-6.

For configuration WO, the YIG slab is between transducer and ground plane, as shown in
Figure 1-7. Energy in the plus wave is concentrated on the YIG surface furthest from the ground plane
so plus waves are not strongly perturbed by this ground plane. The YIG slab shields plus waves from
the ground plane. On the other hand, energy in the minus wave is concentrated on the YIG surface

closest to the ground plane so that minus waves are strongly perturbed. These effects are evident in the
plots of Figure 1-7.
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1.6.2 PROTOTYPE DELAY LINES

Figure 1-8 shows parts of a 3 GHz narrow band, multi-element, MSSW dclay line. An oversize
aluminum block is used here for mechanical support of RF connectors, microstrip and magnet. I this
figure, a 1- by 1-inch dielectric alumina microstrip substrate with ground plane is mounted on the
aluminum block with silver epoxy. A metal ground plane is deposited on the underside of the
alumina. SMA connectors are attached to 50 ohm feed lines. The feed lines terminate at the

multielement srating transducer like the one shown in the lower part of Figure 1-5b, The otlier grating
terminal is electrically connected to ground. A hole is drilled through the diclectric to ground, which
is then f{illed with conductive epoxy. Coating metal surfaces with a thin gold layer ol 5 pun mayv reduce

losses in MSW devices by as much as 6 dB. Gold coating is highly recommended.

Ii. the center portion of Figure 1-8, a YIG {ilm is shown flipped onto microstrip circuitry. On the
right is an alnico horseshoe magnet whose [ringing fields are sufficient to saturate the YIG film. The
film is biased for MSSW, that is parallel to the film's surface and perpendicular to the propagation
direction. Magnetic field biasing using these inexpensive alnico magnets is useful for prototype device
development.

Figure 1-9 shows further packaging details. In Figure 1-9a, a microstrip circuit and YIG 1ilm are
housed in a standard commercial RF package. Agaln, fringing fields from a U-shaped alnico
permanent magnet, placed outside of the package, provide sufficient fields for MSSW. Figure 1-9b
shows a tuning coil wrapped around the completely enclosed package. With the coil shown in the
figure, an electrical current of 1 ampere is sufficient to tune the delay line center frequency by 3
percent. Figure 1-9¢ shows a more compact unit in which biasing magnets are placed inside the
package. Small alnico magnets are contained inside the package cover as shown on the left. The
complete package without tuning coils, is shown on the right. Further order of magnitude size
reductions should be possible with thin film rare earth permanent magnets.2

Figure 1-10 shows other, slot and coplanar, electromagnetic waveguiding structures that couple
well to YIG delay lines. The dashed rectangles in the figure represent LPE/YIG films., As shown here,
coplanar sections provide transduction between electromagnetic signals and magnetostatic waves,
and make up a delay line. The two microstrip sections on the left can also form a delay line, if the YIG
spans them, as can the slot line section on the right. MSW models are readily adaptable to handle slot
and coplanar guides, as will be evident.

In Figure 1-10, the 0.254 mm (10 mils) alumina slabs are standard size commercially available
substrates. Thicker substrates are generally less eflective because of reduced coupling efficiency
between RF magnelic fields, of the EM waveguide structure, and RF magnetization in the YIG. Thinner
substrates, 5 mils, are recommended to improve coupling efficiency and to reduce RF leakage. In
addition, replacing aluminum with gold results in a significant reduction in insertion loss. from 2 10 6
dB depending on {requency and geometry.

2. Cadieu, F.J. (1987) High coercive force and large remanent moment magnetic films with special
anisotropies (INVITED), J. of Appl. Phys. 61(8):4105-4110.
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Figure 1-9a. Early MSW Delay Line in Tek Wave Microstrip Package

Figure 1-9b. Tuning Coil for MSW Delay Line

17




Figure 1-9¢c. Compact MSW Delay Line
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2. MSW TRANSDUCER ANALYSIS

We consider here a magnetostatic wave transducer with a thin YIG film sandwiched between two
dielectric layers which may be of finite thickness and a gap between the YIG layer and the transducer
(see Figure 2-1). We are interested in obtaining the dispersion relation, wave power, radiation
resistance, reactance, and insertion loss. We analyze surface waves, forward volume waves and
backward volume waves for a periodic array of conducting strips in a parallel grating or meander line.
We consider apodization in the strip dimensions and independent conductors as well as normal
modes. The truncated array model and the transmission line model are described. The computer
programs developed for the CDC computer, and the description of their use are given. In tiie analysis, a
basic assumption is made of infinite width in the z direction for conducting strips.

The motivation for presenting the analysis in this chapter in terms of h, and hy components
only, for the three pure MSW propagating modes, MSSW, MSFVW, and MSBVW, is predicated on the
fact that h, = O for all three modes. Further, for calculating power flow the only components needed
are by and h,. This does not mean that z components of m and b are necessarily zero: in general. they
are not zero.

2.1 Polder Permeability Tensor

We first obtain the permeability tensor for a general configuration as in Figure 2-1, where 0 is the
angle made by H with the y axis and ¢ is the angle made by the projection of H on the (x.y) plane with
the x axis. The surface wave direction (6 = 90°., ¢ = 90°), forward volume wave direction (6 = 0°) and
backward volume wave direction (6 = 90°, ¢ = 0°), are indicated in the figure.

We write the total internal magnetic field vector Hy and magnetization vector M consisting of
d.c. and a.c. components as

H;=H + h elot (2-1)
M =M + m elot
where the magnitude for M is

IM|=1750 Oe (2-2)

We now utilize the gyromagnetic equation for the YIG region

oMy
ot =Y Hr xMg (2-3)
where
Yy =2.8 M MHz/Oe (2-4)

Employing Eq. (2-1) in Eq. (2-3) and assuming linearization, in which terms containing prodne{«
of components of m and h are neglected, we obtain a matrix equation of the form
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m={x]h

Applying the constitutive relations in the YIG region

m)

we obtain, after introducing Eq. (2-5] into Eq. (2-6)

b=, (ulh
or,
bx
by, 1=1Hg
o]

zZ

Hyxx Hxy Hxz
Hyx Hyy Hyz
Hzx Hzy My

where, with f = ©/2n and H equal to the magnitude of H, we obtain

y2HM
Hyx= 1+ Y2H2 -
iyM
Hyxy = Y2H2
-iyM
Hyp = y2H2 -
-iyM

Tz (sin20 sin2 ¢ + cos29)

12 sin6 (f sing + iy H cosd cosb)

[z (f cos® - iy H sin20 sin¢ cose)

Hyx = Y—2—ﬁ§—_—f2 sinB(f sing - 1yH cosd cosb)

Hyy = 1+ % sin20
=

H,, =1+ Y2H2 -

Y2HM

z (cos26 + sin?0 cos?¢)

2 sinB(f cos¢ + iyH sin¢ cosh)

I (fcos¢p + iyH cosd sing sin?0)

Tz sinb (f cos¢ - 1yH coso sing)

23

(2-6)

(2-7)

(2-8)

(2-9)




In the non YIG regions the constitutive relations are simply

bx hx
by I=puyl hy (2-10)
b, h,

2.2 Basic Equations

In addition to satisfying the gyromagnetic equation we seek to satisfy Maxwell's equations in
each region along with appropriate boundary and continuity conditions. Maxwell's equations are
written as

aD

VXh:W, V:-b=0 (2-11)
VxE:—%—?—. V-D=0

along with
D=¢,[e]E (2-12)

The following important assumptions are made in the analysis. TE modes are considered in which all
variations in the z-direction are neglected and waves propagate only in the x-direction. All time
dependence is ¢t as in Eq. (2-1). We also have the magnetostatic approximation in which

h,=0 (2-13)
and
weg, E,. mwey E

y=wezgE, =0 (2-14)

Maxwell's equations thus become

dh Jh
Vxh=0 or — -=2=0
oy ox
(2-15)
dby  9by
ax T dy =0
and
oE,
3y = —l(x)bx (2-16)
EZ
3% = imby
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The remaining equations are also to be satisfled. For surface waves we have additionally E, = E, = 0.
Since V x h = 0 we seek a function y (x, y, z, t) such that

h= V\V (2-17)

Ignoring the time dependence, the function y will satisfy Egs. (2-10) and (2-15) in the non YIG regions
if it is of the form, (omitting time dependence),

v, = J(A; e'Kly + Bje-KIy) es!BxdK  §=1.3,4 (2-18)

where j refers to the region number. The boundary and continuity conditions to be satisfied by the
solution are, b, = O at the ground planes, y = -(1+d) andy = (t, + g. by an hy are continuous at the
region junctions y = -d and y = O, by is continuous at the region junction y = g and

h, -h

Xy , =J&) (2-19)

X

at the junctiony = g. The electric current density function J(x) will be discussed later. Note that
although the solution Eq. (2-18) is taken as an integral over all K, we will omit the integration
temporarily in the analysis, at times. The continuation of the analysis differs for the three cases so
we will continue the discussion for each case separately for a while.

2.3 Surface Waves

2.3.1 SW DISPERSION RELATION

For surface waves, (6 = ¢ = 90°), the constitutive relations (2-6) through {2-9) in the YIG region
become, for b, and by

by By -ipgg hy
= (2-20
(by) uo( Ip1z Hn )(hy) )
where
y2HM fyM
Wn=1l+sge 7 « Ki2= 322 _ 12 (2-21)

The solution in the YIG region satisfying ¥qs. (2-15) and (2-20) is then of the form

o0

Vo= [ (AgelKly + By e-!Kly) e-tRx dK , (2-22)

similar to the solutions Eq. (2-18) in the non YIG regions.
Writing

al=u“+su12 . a2=u“-su12 . S=K/|K' (S=—l, 1) (2’23)
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we have from Fas. (2200 and (2 22)

by s IR Ay ¢RIV g, B, e TRIV) ¢ 1Kx (2-21)
(omitting integration in K) while in the other regions

he i TREEA eV e IRy e iR =1, 3,4, (2-25)
We attempt to find the eight constants A] BJ j=1,2,3,41in Eqgs. (2-18) and (2-22) by solving the eight
honndary and eontinuity conditions described above.

We write .

uy + tanh 1K1
“ry - tanh 1K

Us=(1-cgle !Kldy(p 4 q))TelKld (2-26)

Vo= (14 ”-2) LS L (1 - (XI)T elKld
The boundary condition, Eq. (2-19), which is

- [ Ke ' Rxja, elRie 4 By e-IKlg - Az elKig - By e IKIE | dK = J(x) (2-27)
becomes, after employing all the other conditions and mtegratlngl in x, then multiplying by e!K'* and
integrating in K,

iJ(K)

B2 = 5aKF(K) (2-28)
where

JK) = | J(x)elk< dx (2-29)
is the Fourier transform of J(x) and>

e | KId

F(K) =~ 5~ (Ve 'KlZ(coth IKIt) - 1) - U e'Klg (coth IKIt; + 1)]. (2-30)
The dispersion relation is defined if we set

F(K) =0 (2-31) .

1. Weinberg, 1.J. {1980} Dispersion Relations for Magnetostatic Waves, Ultrasonics Symposium
Proceecdings.

2. Wcinberg, [..J. and Sethares, J.C. (1978) Magneltostatic Wave Transducers with Variable Coupling,
PADC-TR-78-205, ADAOG3880.
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and solve Eq. (2-30) for K as a function of f,
The other constants are then found to be, using Eq. (2-28),

(1 + T) B, e2!Kld (1 4+ T)
e A= 2
UeKId B,
Ag=——F—=
velKlid B2
By=——5 <
(ve-2IKIg - U) eIKId Bz
4= 2(e2'Klt1 _ 1) (2-32)
(V - e2lKlg 1) elKld B,
By = 2(1 - e-2'Klt1)
A2=82Te2lKld
2.3.2 SW FIELD EQUATIONS
The time-suppressed field equations are, using Egs. (2-17), (2-24), (2-25), (2-28) and (2-32)
1 " e IKId ~. . cosh[IKI(l +d + y)]
- A -1 Kx
hx, = 2x j Figy (T + 1) JEK) cosh 1K1 e™ ** dk
_ipg se!Kid ~ sinh[1KI(l +d + y)! ke
by, = 2z _[ Figy (T + 1) JK cosh TR11 e”l B dk
S ILIL IKI(d +y) IKId +y)} o-1K
= — —r - -1Kx
th = o J- FIK) J(K) [Te Yite Yile dK
in selKld _
by2 = _Tt_o J. —F—W J(K) {0 TelKHd +y) _ oy e 1KI(d+ y)] e-1Kx gK
S RLL IKI - IKI 1Kx
hx3 = on j 5F(K) J(K) [Ue!Rly 4 Ve Y]e dK (2-33)
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ino se!Kld 1K1 S 1Kly] a-1K

1 ¢ elKld _ K ki SOoshUKI(g+t, - yIl
hx4=§ j IF(K) J(K) [Ue'r'E - Ve €] sinh IKI t, "t ™ dK
i, se!Kld _ K CIKie SIDMOIKI(E+t, -y
bY4 = En_ J 2F(K) J(K) [Ue g - Ve g] sinh K| t, € dK
We write
Fr(K) = e-2!KId F(K) or F(K)=e2!KIdF (K) (2-34)

which by Egs. (2-26) and (2-30) can be written as

2F(K) = (cothlKlit; - 1) [(1 + ap) e"21KId 4 (1 - a,)T] e~ !Klg

(2-35)
- (cothl Kit; + 1) [(1 - ap) e-21Kid 4 (1 4+ )T] e!K!e

The integrals in Eqs. (2-33) are computed by contour integration as in Ganguly and Webb.3 The
integrals on the outer contour are assumed to vanish because of the behavior of J(K). We still need to

compute the residue at the simple poles, which are the zeros of F(K) or F{K) in Egs. (2-34). Denote K
for s= -1, 1 as the roots of

Fr(K) =0 s=-1,1 (2-36)

Each integral is the residue at each pole which is 2xi times the integrand with

Fr(Kg) = | a_aﬁ F1(K) |K =K, (2-37)
replacing F{K). Defining

:j(K) e—IKld

with K the solution of F.{K,s) = 0, and

G, =G(K,) . T,=TIK, ., U, = UK, . V, = V(K,) s=-1,1 (2-38a)

( )
QIS) = al(S) N (1(25 = 0-2(5)

3. Ganguly, A K. and Webb, D. (1975) Microstrip Excitation of MSSW, IEEE Trans MTT,

MTT-23:998.
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we obtain the integrals of Egs. (2-33) as

(s) cosh{IKgI(l +d +y)l o
h") =1G4(Ts + 1) cosh 1K Il e Tsx
(s) sinh[IK; I +d + )] _
by, = -HosG (T4 + 1) cosh 1K, 11 e T
he) 2 16, ITye Kol +3) 4 - 1Ks1d + y)] e-1Ksx s=-1.1
2
(s) - (s) 1Kgl(d +y) (s) -1Kgl({d +y)1 oe-1Kgx (2-39)
by, = ~HosGs la) Tge'fs -0, € ‘e -
(s) iG
h:s = 25 [USeIKst + Ve~ IKs Iy] e-1Kgx
(s) _ ~MosG
by3 - ._% [Uselely - Ve~ IKsly] e-1Ksx
(s) 1Gg VKL | C1Ko1g COShUUK Mg+t - )l o
hey =72 [Use'Ms'8-Veem Bsle] sinh 1K, 1 t; e Ns¥
(s) -HoSGg K| K. lg SINRIK Hg+ t) -y)] o
by,= 73  lUse "8~ Ve Bslg] sinh 1K, t; e Tex.

Eq. (2-31) is the dispersion relation. We find the K as a function of frequency f for the two values of
s by solving for the roots of Eq. (2-31). For each of the two K, values we find the field equations using
Eq. (2-39).

To find G we need F1 (K) Defining

C,=Ue!Klg - ve-IKlig
Cy = (cothlKIt, + 1) Ue'K!g 4 (cothi KIt, - 1) Ve-'K'g (2-39a)
Cy=(cothlKIt) + 1)(1 - ap) e!'Klg — (cothIKIt; - 1) (1 + a,) e~ IKIg

Cy=(cothlKIt) - 1)(1 - a;) e"!KIg - (cothIKIt; + 1) (1 + o)) e'K!E
then
2F 1 (K) = Cje~!Kld st csch? IKIt, - C,sge™ K!d (2-40)

sl{o; + oy) sech2iKil

+ Cz2sde-2/Kld 4 C, (a, - tanh(KII)2
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This completes the determination of the field equations (2-39). Note that for surface waves there

exist two solutions for the dispersion relation (2-36): one lor s = -1 and the other fors = 1.

are two sets of lield equations (2-39).

2.3.3 SW POWER

‘The magnetostatic wave power for each of the two solutions is taken as2

ll + £

(s} G
! £, hy dy s=-1,1

| —

pls) = —

™o

{1 + d)

By integration of Eq. (2-16) we have

B, =g Py = TTKT Py
Thus
-d (0]
sl (s) (s) (s) (s)
y(s) = fihadhdl N
pls K, f byl hy] dy + f by2 hy2 dy
-(l + d) -d
g g+t
(s) (s) (s) ts)
+ J Vs hy dy + f vy Dy, dy s=-1,1
o g

For region 1, utilizing Egs. (2-10) and (2-39)

‘(l ——— 2 -d
(s - 1) po G2 (Tg + 1)2
by, dy= inh? [1K, (1 _
vy vy Y cosh? |K |1 _“£d)sn [HK (L + d + y)] dy

(U + d)

In the above and in what follows 1J(K)! is used in computing G2 from Eq. (2-38).
Using

, 1
sinh?u = 5 (cosh 2u - 1)

we have

-d

() T . P GEI(Ty+ 1?2 ,sinh 21K,!1
yi 1 YT 2 cosh2IK, I ( 21K,1 ! )
-(1+ d)

For region 4, we have, similarly,

Thus there

(2-41)

(2-42)

{2-43)

(2-44)

(2-45)

(2-46)




grll

. o) T G2 (Ue!Kslg - ve 'Kslg)2 ginh 21K, It \
bi,sj ]t/sl dy _ no G§ ( s s < s'8) s't) (). 217
Y4 1 8 sinh?IK It 21K,
g
For region 3,
B (s) 7 m G £ ) o
j by, hy, dy=-7 j (Uge'Ksly — v 'Ksly)2 dy. (- 18]
Thus
& -— 32 U2 V2 -
t(s) (s) Ho o o4
J by3 hy3 dy :——IK Is [— (teK Ig - 1) - ———(e 21K g _ 1} - Z[Js\bil\,s]xu-J (2 -19)
0
For region 2, we (irst have, from Eq. (2-20)
1 byq R
C=—-| 22 _ iy, h {2 50)
Yo u”( Ho Hiy2 x2)
then
0 0 0
toqs) T as) 1|1 {s) "ts1 {(s) (s
= —— -1 h d 2-51
J by2 hy2 dy iyl o beQ h)’2 dy Hi2 fby2 Xg y { )
~-d -d -d
or. using Eq. (2-39) and defining
s ) (s)
J [a(]*lz T2 e21Ksld +y) 4 a‘;’z e-21Kglld + y) _ ga“ ay T dy (2-51a)
-d
0
C, = .[ o T2 e21ke 1@ 4 y) oY) e-21ks 1@ 4 ) 4 (o8 - oS ] ay
-d
we get
0
(s) ~1s1 1 2 2
f by2 hy2 dy = E‘l' [uo GS C5 - uo Sulz Gs CG] (2'52)
-d
Thus, with
() 12 e21Kg1d (8 o-21Kg1d (s)_ & 9.52
Cr=0; Ti(e2!Ksld _ 1)+ 0, (e sld - 1) + 21K, IdT (0]} - gy )] (2-52a)
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we get

0
—_— 2
(s) (sl Mo Gy )2 5 oK. id (8)2 o 1k.1d )
fbyz hy2 y = HL2 1K, [oz1 Tg (e¢'Bsld - 1) -0y (e s'd - 1) (2-53)
-d

(s) (s)
-~ 40.15 Q;Tslxsld et Su12 C7]

Utilizing the definitions of Egs. (2-23) we obtain

0
—_— 2
{s) . (s _qus
J‘ by, By, = 3R] (2-54)
-d
[ (s) 2 (21K, ld ) 21K Id ]
o TS (e2!®sl€ - 1) -y (e s'9 - 1) - 41K IdTg Uy,
thus, with

(T + 1)2 sinhZIKsll
p,=—2 ( -IKSH)
cosh2IK Il 2

)
P,= a(ls T2 (e2!Ksld _ 1) - a(zs) (e-21Ksld = 1) - 41K 14T, py; (2-54a)

U2 v2
Py= z=i(eleslg -1) - -f(e—ﬂKslg - 1) - UV IK,lg

oo (U e'Kslg _ \,vse-|Kslg)2(Sinh2|Ks|tl _— )

4= - 1

4sinh? K, [t 2 s
we get
(s) 2
P spow Gg
= (P1+P2+P3+P4) S=—1,1 (2'55)

Ly 7 a1k, 12

which gives the surface wave power for the two s values.
It is seen that the frequency bandwidth for the existence of surface waves is

y\]H (H+ M) <f< y(H + %—) (2-56)
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2.4 Forward Volume Waves

2.4.1 FVW DISPERSION RELATION

For forward volume waves, 6 = 0, the constitutive relations (2-8) and (2-9) in the YIG region
become, for b, and by

bx M3 O hy
(§)n(8 )

where p;, has been defined in Eq. (2-21). Here y,, is always negative, unlike surface waves where y,, is
always positive. We define4-5

02 = -py/Hyy = -l (2-58)

and see that the solution in the YIG satisfying Eqs. (2-15) and (2-57) is of the form

oo

Yo = j (A, cosa IKly + B, sina IKly) e"!Kx dK (2-59)

Here, we have for all regions (omitting integration in K)

byj = polK!I(A e!Kly - Bje-IKly) e-1Kx j=1,3.4 (2-60)

by =Ko IKI(-Ay sinalKly + B, cosalKly) e1Kx

The eight constants A, B, (i= 1, 2, 3, 4) in Egs. (2-18) and (2-59) are found by solving the eight boundary
and continuity conditions.
Proceeding as for surface waves and defining

D, = (cothi Kt + 1) - e-2!Kll e-21Klg (cothIKIt, - 1)

(a2 - 1) (a2 + 1)

Dy=—% (cothlKit; + 1) + e-2!Klg=——= (cothIKIt, - 1) (2-60a)
2 1 2 _
Dj= ((x_2+__) (cothl Kit, + 1) + e'Q‘K'B(—q-z—l) (cothlKIt, - 1)

and

4. Weinberg, 1.J. (1982) Insertion Loss for Magnetostatic Volume Waves, IEEE Transactions on
Magnetics.

5. Weinberg, I.J. and Sethares, J.C. (1983) Magnetostatic Volume Waves, IEEE MTT-S Digest.
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, K Id .
F(K) = F(K) = ¢ /KIdelKIg mei(lfi (-Da cota lK Id + Dy + Dye 21K (2-61)
wilh
241 a? -1
D, = (o + 1) sina 1K 1d + ¢ 1K 1& fa®-1) sina |Kld + cosalKId (2-614)
2 20
2 _ o2+ 1
D= (0= - 1) sina [Kld + cosa 1K 1d + e2!Klg foZ+ 1) sina K 1d
H 2(X 2(1

we obtain the constants as

iJ(K)

A= SRR (K)

iJ(K) 21K (A + 1
_ WKL )
Br=57Kkr(K) ¢

_ IR ke 1. “21K I 1. }
A2_2nKF‘(K) e c [cosalKId+asmalKld+e cosaIKld—asmalKId
__iJ(K) —IKld|:1_ kit (L : }
Bz_anF(K) e 0Lcosoleld-smozIKId—e acosalKId+smaIKld
Ao I iia [ eosa k1 + B9 ginaikid - e-2 ki 22 oo kialio-62)
37 2%KF (K) 20 - € « O L
B ___i:j(—K)__ e—IKId Ms'nall{ld e—2lK|l IKid M__]‘_) i (K1d
8% 57KF(K) 20 i + coso + o sino
Ay AW e Bl ikia Kid + 9 g ikia
4= ZT[KF(K) 2 Slnthltl € -COoSs( + 20 sSinga
. 2 1
+ e 2IKlg (12%—) sina IK1d + e 2Kl D4]
iJ(K) e!Kit kg J o2+ 1)
B, 2nKF(K) 2 sinhlKI(; e 200 sina |IK1d

(1 - a?)

-21K 1
2 sinaIKld]+e Ds}

- e2lKlg [cosalKld +

where J(K) has been defined in Eq. (2-29).
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The dispersion relation is defined as before by setting F(K) = 0 and solving for K as a [unction of
f. Note that s = 'Kﬁ does not enter into Eq. (2-61) or (2-62) so that the two solutions for | K! arc identical
for forward volume waves.

2.4.2 FVW FIELD EQUATIONS

Defining
ino 1K 1 d sina K 1d
DG=cosaIKId+s—E—aa—+e‘Z'K”(cosalKId— 5
IKld
sa|K| cosu
7=92—(1—a——d-sinalKld—e‘2'K”( + sina |K1d

Dg=cosalK!d - asina lKId - e-2!Kll (cosa IK1d + asina IK1d)

Dg= acasa |Kld + sina IKId + e"2'Kll (gcosa IKId - sina IK|d)

- o2 2
Dlo=cosa|x|d+(i2—o%~)sma|xld-e-2'K”(L;—9-lsma|K|d (2-62a)
1 2 2-1
D11'—'£—+a—)smalKld+e'2'K”(cosoclKld+a sinalKId)
2a 2a
(@2-1) oikig (@2 + 1)
= - _— - g~ 27
D, cosaIKld + =5~ sina {Kld + e 2 sina 1K !1d
(o2 + 1) 21K 1g (@2 -1
=T g -21Klg(Z— =
D3 5 sina {Kid + e ( o sinaIKId+cosaIKId)
a?+ 1 1 - a2
DM:L——)sinalKld—emK'g cosa |Kid + 2~ sino 1K !d
20 2a
a? - a2+ 1
D15=( )sina!Kld+cosalKld+e2'K'g sina 1K 1d

2a

the time suppressed field equations are, using Egs. (2-17), (2-60) and (2-62)

1 J(K) ) } , .
he, =5 fFT(K) e-1Kldg- IKH(eIKI(L + d) glKly 4 - IKI(l +d) - IKlIy)e-1Kx dK
i J(K)S .
by, = % J‘F(T(:{) e-1K1d g~ 1K1l (IKI(L + d) gIKly _ e-1KI(l + d) - 1Kly)e-iKx gK (2-63)
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oo

h,, = ;—n_i g’l(\:(}l)-e"md (Dgcosa Kty + D sina [Kly)e 1 Kx dK
by, = %{9—5% e~ !Kid (Dgcosa IKly -~ Dy sina iKly)e-{Kx dK
hy, = ;_K_IEI(FK)) e-1K1d (D, e K1y 4 D, e~ IKIy)e-1Kx dK
byy = lzu—no_j;(ql&s) e !Kld(DyelKly - D) e IKIy)e-tKx dK

—_— 00

+ e'KHl(Dl4+ e—2!K|lD15)e—IKIy]e—i IKix qK

o

b - Lo [J(K)s e”'Kld
va= 27 ) Fo(K) 2 sInhTKI,

-0

[e’lKltl(D12+ e—2IK|lD13)e|KIy (2-63)

- elKlt](Dl4+ e-2IKIl Dls)e—IKly]e-i 'Klx dK .

We again evaluate these integrals by contour integration and assume the integrals vanish on the
outer contour. Thus the residues are 2ni times the integrand with F1(K,) replacing F1(K) where
K¢ = £ 1K, | are the roots of the dispersion relation F(K,) = 0.

Defining
| 1 - o? IKgly 4 3 2 ~1Kg ly
D ;g = | cosalK 1d + o sinalK !d |e'8s'Y + sinafKgid e™'Bs
(1 + a?) a2 -1 _
D7 = -5 sinalKld e!Ksly 4 (cosaleld * T ou smaleld)e Ksly
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D,g= (cosaleld 2 ;aaz slna]Ksld)e'Ks'Y - L1—'2+—aoljsinot|Ks Id e-'Ksly (2-63a)
Dg = —(l—gagf)—sinall{sld e!Ksly - (cosaleId + a22; Sinaleld)e-lely
Dy = a22; ! sina|K td e-1Kslg 4 (—cosaIKsld + a";(—x sina{K, Id)elelg

=~ o+ 1

sina|K Id e'Ks!g

2
a 1
Dy, = ( 5 SinalKld + cosaleld)e"Ks'g +

and with G(K) defined in Eq. (2-38) and G, = G(K,) we have, after simplifying,

(s)
hxsl = 1Gg 2 cosh[ 1K I(d + I + y)le 'Ks!l g~1Ksx
(s)
by = -SHoGs 2 SInh[IK,I(d + L+ y)]e~ 'Ks!l e Ksx

1
(s)
hxs2 = lGS{ [cosalel(d +y)+ o sina|Kg 1(d + y)]

1
+ e 2IKgll [cosaIKsI(d +y) - 7 sina IKg I (d + y)] }e-* IKg Ix

(s)
by2 = -squs{[cosalel(d +y) - asinalKg1(d + y)]
- e"2lKslt [cosalKSI(d +y) + asina|K (d + y)]} et Kslx (2-64)
s) ~21Kg I
hX3= iGS (D16+e 2 Ks D17)e_1st S:-—l' 1
(s} _ -21Kg I -1 Kgx
by3 = -spyGg (Dig+ € s!! Dig) e ' s
{s) cosh IK l(t; + g -y) 21Kl Il 1K
Bx, = 1Gs sinh 1K1 t, (Dgo + €7%%s 1 Dyy) €717s%
(s) sinh 1Kgl(t, + g - y) SURT LK
by, = SHoGs ~gmh 1R, Tt,  (Peo* € ° 7T Dyy) eninex

Defining
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D,

to
o

D,

D

24

D

u

Dy =

r dla? -1
{coth L Kt 1+ 1) L(i - g+ »7&2__l

. o, d
+ 1 eseh2 TK L) + ¢ 21K 5 (a?+ 1){cothl Kty - 1)

2 _ 2 .
(o ll+ad:l_(_(i 1)

sch? [K |
o0 5o t, esche [Kit,

(cothTKIt, + 1)[(;.{ - d)

01K L (2 + 1) (a2 + 1)
+ € "”"L[_(C(nthlll - 1) "—2(1_((1 + g) - tlTCSChZIKHl:l
241
(cothTKIt; + l)d(—%+ ) (2-64a)
P da?-d 2
+ e 2IKlel _(cothl K1t - 1) (g+ d+ 2l - —2——)— t, csch? (Kt
M thi K| ( d 2” tw hleH
S (coth ty+1)(g-d- -5, cse 1
-21K ‘ (a2 - 1)
e 2Rt (cotht Kt - 1) -g - d-2l) =5, - adlcothlKIt; - 1)

(a2 - 1)

- Uy

cschleItl}

we abtain F} (K) as

Fr(K) = se”!KHd-g {p,, cosal K1d + Dy sinal K id

(2-65)

+ ¢ KD, cosal KId + (Dyg + Dyg ) sinal K (d]}

completing the determination of the field equations (2-64). Note that the magnitudes of the two

solutions for Eq. (2-61), s = -1,1, are the same.

2.4.3 FVW POWER

As lor surface waves, the magnetostatic wave power for each solution is
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(s) sol, (s) s (s) (s
P =37R,] J byl hyl dy + f byz hy2 dy +
-(l + d) -
g g+t
(s) | ts) (s) (s
J‘ bys hy3 dy + J va Ty, dy s=-1
0 g

For region 1, using Egs. (2-64) and (2-10)

-d — -d
(s) _ ts) 9
by hy dy =#oGse 21Ksll 4
-(1 % d) -1+ d)

sinh2IK 1(d + 1 + y) dy

which, as in Eq. (2-46) is
-d )
b(s) (s) dy = ]J.OGse‘2le|!
Y1 Yi 1K, |
-(l + d)

(sinh 21K Il - 21K 1)
Defining

D, = coso |Kg I(d +y) - asina K I(d +y)

Dgg = cos?a |Kg 1(d + y) - a?sina 1K 1(d +y)

Dy = cosa |Kg1(d +y) + asina 1K 1{d +y)

we have for region 2, from Egs. (2-64) and (2-57)

0 0

(s) (s) 2 2
f by, hy, dy = 1oG2 J‘ (D37 - 26-21Ks ! Dyg + e-21Ks! ng) dy
-d -d

or, defining

2.1
Dgg = (x2 + 1) IKsld—(—a——2—a—)- sin2aIKsld+cos2ozIKsld-l
241
Dy, = (@2 - 1) |Ksld—(a—2&—) sin2a K 1d
2 Ko1d - @21 ook, 1d 201K, Id + 1
Dgp = (a2 + 1) 1K ld - =5 sin2a K Id - cos2a 1K 1d +

we get
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{2-67)

(2-68)

(2-68a)

(2-69)

(2-69a)




fs) s G2
J by; hy;) dy = QE!O?:T (Do + 2e-2!KsliD, 4+ e-4IKsliDg,), (2-70)
-d
Deflining
(1-o03? (1-a?
D,y = cos?a K id + aa? sin?a 1K ld + 5 Sin2alKld
(1+a3?®
Dy = 102 sin‘a 1K 1d
1 2 1 - ot
Dy = -2 Sin2o 1k, 1d - =09 Gn2aik,1d
20 202
Dy = L) Ginonik, 1d - B2 gin2g 1k, 14
20 202
1 2% 4+ (1 - a?)?
D37=-2coszaIKsld+[( + o) + 1 )] sin?a | K¢ 1d
2a2
N L (@2 -1)
Dyg = cos?a |K id + T a2 sin?a K 1d + T Sin2alKgld
(@2 + 1) (at-1)
Dgg = 5 SiN2aiKgld + =55 sin?a 1K, Id (2-70a)
Dyo = D33 e2!Kgly 4 Dgy e-21Kgly 4 D5
Dy) = Dgs €2'Ks1Y + Dyg e 21Ksly + Dy
Dyp = D3y €2'Ks!Y + Dgg e 21Ksly + Dyg
we get for region 3, from Eqs. (2-64) and (2-10)
£ g
(s, ts) 2 ~21Kg Il ~41Kg !l
by:3 hy3 dy = LloGs J (D40 + e s D41 + € S D42) dy . (2-71)
o o
Defining
1+02? [402-(1 - a2)? 1 - o2
Dy; = {( 102 L 4(0[2 ] cos2a |K ld + (-a9 sin2a |K 1dpe2!Ksle

22
Dy, = [Q—Za";—’~ (cos2a 1K, Id - 1)]
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(1-0a?
Dyg = 2 cos2alK ld + o sin2a IKg!d

1 2 L
+[(¢l sin2a 1K, Id + %(1 - cosZaIKsld)]2IKslg
(1 +a?) (1-a9
D46=|:-T sin2a 1K ld + ——5— (cos2a IK,Id - 1) e2lKslg
(1 +a?) (1 -ay -
D47=[T sin2a IKg1d + 02 (cos2a IK 1d - 1) |e 21Kslg (2-71a)
(1 +a? (1-a2? (1+a?2
Dyg=—""—" sin2aIKsld+[ 202 - 202 cos2a IKg1d 21K lg
(1 +a2? [4a2-(1 - a2)? (1 -a? _
Dyg = { 1a2 * 242 cos2a IKgld - ———— sin2aIK ldre 21Kslg
(1-0%
Dy = 2cos2aIKsId—T sin2a IKg Id
1 2 - a4
+[w sin2a 1K, 1d + 2% (cos2a 1K, 1d - 1)]2IKslg
we get
g G2
(s} _ (s
f by, hy dys= éillLK:T [Dag + Dyy e~2/Ksl€ - Dyg + 2e-21Ks ! (2-72)
0
X (Dgg = Dy7 + Dyg) + €~4!Ks!l (-D,, e2!Kslg ~ Dy + Dy |.
Defining
2_1)2 2 _
Dg, = [cos2aIKsld PG | LSNPS IKg!d - @®-1 Gn2e IKsld] e2!Kslig
4a 20
(2 + 1)2 _
D52=[T slnzaIKsld]e 21Kslg
_ (a2+1) (at-1)
Dg; = %4 sin2a 1K 1d + ) sin‘a |Kg 1d
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2

o + 1
—-=—=1 gin2q IK,,.ld - (——l
142 | 40

Dey

—
[(-»‘5 ) sm2aIKsld]e2'Ks'ﬂ

et - 1), (x? + 1) 21K Ik s
Deg [ de? sino (K Id + Ta sin2a K Id |e s (2-77a)
441
Dy = (g?(;g 1 sin2a 1K Id ~ cos?a 1K 1d
(a2 - 1)2 (a2 -1) - g
Dgs = [cosQa K ld + Taa2 sln2aleld * T o sin2a lK !d e 21Kglg
2 1)2
Dgg = Ii(—ﬁzgg—)’ sinZa 1K !d:l e2!Kslg
at - 1) (2 + 1)
_ X ! cin? w=r 1y .
Dyg = 5,2 sinca IK Id + S sinZ2a K, Id
we get [or region 4, from Egs. (2-64) and (2-10)
g+t 9
(s) _(s) uoGs (sinh 21K It; - 21K 1t))
b, h, dy-= D D D 2e-21Ksll (2.73
f va v VY 41K, ! sinh2IKgit, [Ps1 + Psa + Dsa * e
B
X ([)54 + DSS +D56) +e‘4|K5” (D57 + D58 + Dsg)]
Defining
Dgn = -
2 sinh?1K, It
Dgy = 2e721Ks 1 (sinh 21K 1) - 21K 1) + (02 + 1) 1K 1d - 1
(1+a?) (1 -ad)
Dgo = II(SIg[—~~ o sin2a K 1d + -—-——2a2 (1 - cos2a IKSId)J
4 _ 1 2 1
Dy = [(i—) (1 - cos2a K !d) - e+ 1) sm2alKSId} Dgo
: 402 ) 2a
2 2 2 2 2
1+ a2 402 - (1 - a?)9) (1 -a?)
Dy = 2oz ¥ 52 cos2a IKsld + ——F—= sin2a 1K Id

x (Do + 1) e2!Ksle
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22
065=“—;°;—)—(cos2alxs|d- 1) (1 - Dgo) e-2'Ks g
o

a2? (1 +a2)?
2 o

Dge = (02- 1)21K 1d + le|g[“ ~ cos2aIKsld] (2-73a)
a

[(1 - a2)? (1 + a2)?
+ —

202 902 cos2onIKsld:|D60
o a

4 _ 2+1
Dg; = l:u (1 - cos2a 1K Id) - o2+ 1) sin2a IKSId] (1 + Dgy) e2'Kslg
- 4 2 1 =
Dgg = [u—l(l - cos2a 1K, Id) - (&= 1) sin2aIKsIdJ(l - Dgo) e72'Ks g
102 2a
(@2 + 1) (a?-1)
Dgo = (02 + 1) IK Id + 1 + [T sin2a IK Id + 40(—2 (1 - cosZaIKSId):l Dgo
1 2 4-1
Do = IKSIg[H—a) sin2a IK, Id + =1y _ coszalxsld)]
a 2002
2,2
Dy = 32297 (1 _ cos2a 1K, 1d) (1 + Dgy) €2'Ks '
8a2
(1+a?? [402-(1-a?)? (@2 - 1)
D,y = {— 802 802 cos2a IKgld - S sin2a K  1d
x (1 - D60) e—2IKSIg
and employing Egs. (2-73), (2-72), (2-70) and (2-68) in Eq. (2-66) we getS
(s} 2
sO PG
pl] = 4'Ko|25 [D61 _D62+ D63+D64+ D65+e—2IKS” (2'74)
S
X (Dgg + Dg7 +Dgg) +€"41Ks!l (Dgg + Do + D7y + Dpp)l s=-1,1

for the forward volume wave magnetostatic wave power. The magnitudes are identical for the two
waves, s = -1, 1,
Here the bandwidth for the existence of forward volume waves is

YH<f <y VH(H + M). {2-75)
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2.5 Backward Volume Waves

2.5.1 BVW DISPERSION RELATION

For backward volume waves, (8 = 90°, ¢ = 0°), the constitutive relations (2-8) and (2-9) in the YIG region
become, for b, and by

b, 1 0 h, .70
(by )—uo( 0 uy )(hy)

where 1), has been defined in Eq. (2-21). Here, too, i, is always negative.
We define4:5

q2= Mo 1 (2-77)

and see that the solution in the YIG region satisfying Eqs. (2-76) and (2-15) is of the form

oo

v, = J- (A, cosa|Kly + B, sina1Kly) e"1Kx dK (2-78)

—o0

Here we have for all regions, omitting the integration in K,

byj = polKI(Aje!Kly - Bje-IKly) e-tKx §j=1,3.4 (2-79)
by2 =~ % IKI(-A, sina IKly + B, cosa IKly) e-1Kx

The eight constants A;,B, 1= 1, 2, 3, 4 in Egs. (2-78) and (2-18) are found by solving the eight boundary
and continuity conditions.
Proceeding as for forward volume waves and defining%.5

2 _ 2
Fo= =1 conikit, + 1) - e-2181e @Y oomikie, - 1) (2-79a)
2 2 _
F,= -(ﬁ—g—l—) (cothiK It + 1) + e-2!Klg (-“2—” (coth 1K it, - 1)
and
F(K) = F(K) = e~ 'KId glKlg 5’% (-D,ocotalK!d + Fy + Fy e~2!Kll) (2-80)
where D, was defined in Eq. (2-60a).
With
2 2 _
Fy= -&?;—1) sina 1K |d + e'z”"gl:(meH sina IKId + cosaIKld] (2-80a)




_(a2-1)

(a2 + 1)
Fy = 20

sino IKId + cosa IK1d - e2!Klg e sina IKIid
we obtain the constants as

1J(K)

Al = 37KF(K)

1J(K)

=M o-21KI(d + 1)
1 = 2xKF (K)

B

1J(K)

=12 a-IKId - -21KIl
2= 37KF(K) © [cosaIKId - asinalKId + e (cosa IK!d + asino |Kid)]

1J(K)

B2 = 2%KF(K)

e-!Kld [_acosa|KId - sina IKId + e-2!'K!l (ocoso IKId - sina IKId)]

1J(K)

_ _1J(K) (1-0a? ok (2?2 + 1)
37 21KF(K) 2a

e"K'd[cosaIKld+T sina IKId + e sinalKId]

(2-81)

1J(K)

(1 - a2
27 KF (K}

By = 2a

Sikia a2+ 1) —21K Il
e “oa sina I1K!d + e cosa lKid - sina K |d

1J(K) e-|Klty
2nKF(K) 2 sinhiKIt,

(a2 -1)

2
_ _a-21Kl1g @2+ 1)
x[cosalKId+ 20 sina |IKId -~ e g o

sina IKId + e-2!KIl F3]

iJ(K) e-1KIt)

e-1K1d
2nKF(K) 2 sinh1KIt,

B4 =

(1 -a?

20

(2 + 1)
1™ 2a

sina IK|1d - e2!Klg [cosalKld + sinalKld] + e-2IKI F4}

where J(K) is as defined earlier. By setting F (K) = O we get the dispersion relation, to be solved for K as
a function of {. Here, too, s does not enter Egs. {2-81) and (2-80) so that the two solutions are identical.

2.5.2 W FIELD EQUATIONS
Defining

Fg = cosa |K!d - asina IK|d + e-2!K!l (cosa IKId + asina IKId)
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= ~acosalKld - sina1KId + e 2K (gcosa K Id - sina K Id)

e
o~
|

o= ~cosa |KId + sina lKId - e 2K (cosa IKId + asina K 1d)
Fy=-~acosalKid - sina1KId + e 2Kl (gcosa K Id - sina K 1d)
1 - a? 1 + a2
F, = cosa 1K 1d +Lf~—*—l sina | Kid + e- 21Kl U+o? sina 1K 1d
' 2a 20
Fio = rod) sina 1KId + e"2!KIl  cosa IKId - U-ed sina 1K Id
2a 2a
2 2
ac -1 1+«
F)) = —cosa IKId + (—~2*a——) sina [K1d - e"21Klg +af) sino K 1d
1 2 2_
Prp = -0 2% Gina 1K1d v e2 1K | cosalK 1d + P22 gingk1a
2a 2a
1 + a2 1 - a2
Fn=—'(*“ ) sin |KId - e2!Kig| cosa lKId + a-o09 sing |K1d
‘ 2 2a

2 _ 1 1 2
cosa K Id + (@ - 1) sina [K1d - e2!Klg +of sina |KId
20 2a

1

Fra

the time suppressed field equations are, using Eqs. (2-81), (2-79) and (2-17)

K .
F((K)) e"IKId g~ IKI(eIKI(d + 1) gIKly 4 g-1KI[d + 1) g IKly) g-i Kx gK

hx‘:ﬂ

1
8 3
.l

i sJ(K
Ho J F((K)) e-!Kldg- IKIl(elKI(d+ 1) glKly _ e-1KI(d + 1) g- 1K ly) g-iKx dK

- 00

1 [ IR kg -1K

h"z_Qn f F(K) € (Fg cosa IKly + Fgsina IKly) e-1Kx dK
__lng J sJ(K) e-!K!d ik

I)),2 = - on F(K) o (Fg cosa IKly + F;sina IK ly)e-iKx dK

—_ 00
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J(K
h =.21_1c JJ( ) e-IKId(FgelKly+plo e- |Kly) e~1Kx gK

d itg SJ(K) .
bys:_z__; f F(K) e—IKId(FgeIKly - Fio e~ 'Kly) e-1Kx K
N fJ(K) e-1KId
X4 7 2m _ F(K) 2sinhIKIt,
X [e—IKltl(F“ + e~ 21Kl Fio )eIKly + e'Kltl(F13+ e—SZIKIIF14 Je- 1KIyje-1Kx (K
b = iko Jsj(x) e-!KId
Ya© 2nm F(K) 2sinhIKIt;

— 00
x [e"'KItI(F)) + e-2/KILF ) e!Kly ~ elKItI(F 5 + e-2IKILF ) e-IKlyle-iKx dK

Proceeding with contour integration as before, with K (s = -1, 1) being the roots of F.(K,) = 0 and
G{K) defined in Eq. (2-38), we first define

1 - o2 (1 +a?) B
Fi5= (cosa!Ksld oy sinaIKsId)e'KS'y -5y sinalK ld e !Ksly
1 + a2 (2 - 1) _
Fig = —5, ~ sinalK,ld e'Ks'Y+(cosaleld+T sinaIKSld)e IKsly
1 - a2 (1 +a?
Fi7 = (cosaleId * oo slnaIKsId)e'Ks'y +—5— sina K ld e~ Ksly
1+ a? (a2 - 1)
Fig=~54 ~ sinalK ide!Ksly - (cosaleld * o sinaleld)e"Ks‘y
2 2
a<+ 1 )
Fio = ~—5g— € 'Ks!€ sina K Id - c'KS'g(cosa!Ksld , U o0 J sinuIKsid) {2-82a)
a? - IKslg - elKslg 22 * 1
F20=(cosaleld+ 20 sina I1K 1d |e-1Kslg - elKslg sina IK | d
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Fa1 = a22; - e-1Ks 1 sinalK, 1d + C'Ks'g(cosaleld + %
we obtain

hisl) =1G,2 cosh IK {d + | +y) e Ksll g-1Ksx

b(ysl) = -spo G2 sinh 1K, I(d + [ +y) e~ 'Ksli g-1Ksx

hf;’ - 1GS{cosa|Ksl(d +y) - asina 1K I(d + y) + e-2IKsll

x [cosa IK I(d + y) + asina IK I(d + y)]} e-1Ksx

(s)

b

1
Vo = —spoGs{cosalel(d +Yy)+ ~ sina IKgH{d + y) + e-21Kgll

1
X [—cosa IK I(d + y) + o Sina IK 1(d + y)] }e-ist

(s)
hx3 = 1GS(F15 + e—2IKS” Fle) e-ist

(s)
by, = ~spoGs(F7 + e 2!Ks 1L F g ) - 1Ksx

(s) cosh K I(t; + g - y) -
Bx, = 1Gs sinh K It (Fio + e 21Ksll Fp) e-1Ksx
(s) sinh IK I(t; + g - y)
By, = ~SHoGs —sinn K 1 t; (Fay - e"21Ksll Fyp ) e-1Ksx,
Defining

2
Fyp = (coth IKIt, + 1)[d -g+ dwz—l)]+ t, csch?iKit,

- 21Kl S (024 1) (coth IKIt, - 1)

(Q2 -

(a2-1)
2 2a

Fa3 = (coth IKIt, + 1)[(g-d) +ad]—

- (2 + 1) (a2 + 1)
+e Q'K'g[(cotthlt,— 1) T(g+ d) + tlT

) sinaleld)

)tlcsch2IKltl

cschZIKItl]

(2-83)

(2-83a)

-




2
dla®+ 1)  _2ikig

F24= -(Coth IKlt.l'f' 1) 2
do?-d )
x|-{coth IKit, - 1) [g+d+ 2l -—5— |-t;csch IKIt,
and using Eq. (2-64a) we obtain F1(K) as
FH{K) = se-!Klld -g (2-84)

x {Fyo cosa |K|d + Fos sina 1K 1d + e~ 2/KIL [F,, cosalK!ld - (Do - Dyg)sina 1K 1d])

completing the field equations. Here, too, the magnitudes of the two solutions are equal, as for
forward volume waves.

2.5.3 BVW POWER

The magnetostatic wave power for each solution, as in Eq. (2-66), is

-d 0
(s) swl (s) (s (s) s
P = 3 lksll byl hyl dy + f by2 hyz dy (2-85)
-l + d) -d
g g +tl
(s) _ (s (s) _ (s
+ f by3 hy3 dy + f by4 hy4 dy s=-1,1
Y g
For region 1, using Egs. (2-83) and (2-10)
PR 2 o-21Kgll A 2
byl hyl dy =nuoGge s't 4 [ sinh?2IK H(d + 1 +y) dy (2-86)
-l + d) -{l + d)
which, as in Eq. (2-68), is
- — 2 o-21Kgll
(s) _ ts) P Gge 2 s
v hyl dy = K, 1 (sinh2 1K Il - 21K 1) (2-87)
-(l + d)
Defining
Fog = cosa lKgl(d + y) + é sina |IK  1(d + y)
1
F26=; sin2a |Kg1(d +y) - cos2a 1K 1{d +y) (2-87a)

Fo7 = —cosa lKgI(d + y) +é sina IKg I(d +y)
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we obtain for region 2, using Eqgs. (2-83) and (2-76)

0
- 0
(s) | (s
f by; hy; dy = -a2u,G2 j (F25 + 2e 2Kl P 4 e-41KsILF2 ) gy (2-88)
-d -d
or, defining ’
> 2 (0«2 - l)
Fog = -(a® + l)IKSId—Tsin2aIKsld+cos2alK5|d— 1 .
2+1
Foq = (2 - l)IKsld+(—gﬁ—) sin2a 1K Id (2-88a)
Foq = - (& +1)IKSId—T sin2a |Kg1d - cos2a IK 1d + 1
we get
° — 2
(s) -y 1o _ o Gs -21Kg I ~41Kg Il
f by2 hy2 dy = 21K, | (Fog + 2¢ sl Fog + € st Fgag) (2-89)

-d

Defining, referring to Eq. (2-70a),

F3] - D33 e2lKSly + D34 e-2|KS|y _ D35
Fyp = -Dgg e2!Ksly ~ Dy e-21Ksly 4 D, (2-89a)

Fgy = Dgg e2!Ksly - Djge-2/Ksly - Dy

we obtain for region 3, using Egs. (2-83) and (2-10)

g

4
(s) _ts)
fbys hy3 dy = puo G2 f(Fsl + e 2Kl Fy 4 e-41Ks 1L Fan) dy (2-90)
0 0

Defining

(1-a?
Fy3 = -2 cos2a K ld - —— sin2a 1K 1d
a

[(1+a2) (1 -a%
+ | ——— = 7

o sin20 IKgid + o2 (1 —cos2ale|d)]2lelg




1 2 - 02)2 2)2
P S sin2aIKSId+[(1 a9” _(+al cos2aIKSId]21KSIg (2-90a)
202 2002 d
1 - o2

Fag = 2cos2a|KS|d-(—a°‘-)sm2a|KS|d

1 2 1 -at

—I:(—:L) sin2a 1K 1d + 1-of (cos2a K ld - 1):I2IKSIg
o 202
and referring to Eq. (2-71a)
g o2

ts) Uo _
f by, hy, dy-= 4|K:| [Dyg + Dyy e 2'Ksle 4 Fyy (2-91)
[0}

+ 2e‘2|Ks”(—D46+ Dy; + Fg5) + e‘4|Ks“(-—D44e2 IKglg _ Dyg + Fggl.

For region 4, referring to Eq. (2-72a) and using Eqgs. (2-83) and (2-10)

g+t
(s) _(s1 G2 (sinh2 IK_It, - 21K_It
J‘bys h(s) dy = Ho s( sy s 1) (2-92)
4 Y4 41K | sinh21K It,
g
X [Dg; + Deo - Dea+ 2e"2/Ksil (-Dg, - Dee + Dgg)
51 52 53 € 54 55 56

+ e_4IKS”(D57+D58—D59)].

Defining as follows and referring to Eq. (2-73a)

Fy; = 2e21Ks Il (sinh2 1K 11 - 21K 1) - (@2 + 1) 1K 1d - 1 (2-92a)
2 1 4 _
Fag = -(a2 + 1) 1K 1d + 1 -[(—‘l#) sin2a |K ld + (“Taz—ll(l - cos2a|KSId)]Dm

and employing Egs. (2-92), (2-91). (2-89), and (2-87) in Eq. (2-85), we finally get®

(s) SO png G2
P = l'I'O 25 [F37+ D62 - D63+ D64+ D65+ e"2|KS” (2'93)
L 41K,
X (Dgg - Dg7 - Deg) + € 4!Ks !l (Fyq -~ Dy + Dy| + Dpy)] s=-1.1

for the backward volume wave magenostatic wave power. Here, too. the magnitudes for the two waves,
s = -1, 1, are identical. The bandwidth for the existence of backward volume waves is
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YyH<f{<yVH(H + M) . (2-94)

At this point we have obtained expressions for the dispersion relation and magnetostatic wave power
for the three cases; surlace waves, forward volume waves, and backward volume waves.

2.6 Radiation Resistance, Reactance and Insertion Loss

To find the radiation resistance we need the expression for the transform of the current
distribution appearing in Eq. (2-38). For a flat current distribution, for the independent conductors
without apodization, the expression employed in the computer programs is,% with I, =1

aK, 1 - T]N ejKspN
27: L T, (2-95)

I J(K,) = I, sinc

where N is the number of conducting strips, a is the strip width and p is the center-to-center spacing,
and we define

sinc x = S0TX (2-96)
X

If apodization is included we use

N

~ a;K
3y | = E sinc éns niVT,, eI KsPil (2-97)
i=1

where 1 = -1 for a meander line and 1 = 1 for a parallel grating.
For a truncated array of normal modes we have, for the fundamental mode

N

~ 2a K. P
| J(Ky) | - E sinc m slnc( 23”’ _3 Z n)n, [, e JKsPid (2-98)
=1

The radiation resistance is given by

(s)

(s) 4P |
R = . s=-1,1 (2-99)
(1 -n) + (1 + n)N2
The total radiation resistance is
R, = R(I + R(-1), (2-100)

6. Weinberg, 1. J. (1981) Analysis and Computer Studies for Magnetostatic Surface Wave
Transducers, RADC-TR-81-96, ADA102207.
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The radiation reactance is obtained by numerically evaluating the Hilbert transform®

m

X =% J. I;f“fr;) af” (2-101)
2.6.1 TRUNCATED ARRAY (TWO TERMINAL) MODEL

For the truncated array model, the insertion loss is obtained as®

(s)
s) 4R Ry 76.4 AH Ar 105

IL =20 lg -
£10 (Rg + Ry, + Ry )2 + (x,, + x1)2 &a)_(,_)_
K

(2-102)

where Ry is the source resistance, Ry, is the conduction loss and x; is a series matching reactance AH is
a linewidth representing material loss and Ar {s a propagation distance. The quantlty — is obtained
by numerically differentiating the dispersion relation.

2.6.2 TRANSMISSION LINE MODEL

In the transmission line model we calculate insertion loss from input resistance and reactance
of a lossy shorted section of microstrip line and microstrip propagation constants. For one
conducting strip we can write, for non-apodization, from Eq. (2-95)

aK,

2n

sinc VT, (2-103)

For N conducting strips we employ array factors to obtain®

NK,p \2
{s) 4'?‘5) sin 25
TA-mer+m K,p (2-104)
sin 5
forn=1, and
NK.p \2
(s) 4‘9“) sin —°
{2-105)

Q- K
{1 TI)+(1+TU cos 2sp

forn = -1 and N(even J(K } from Eq. (2-103) is employed in these relations.
Having R ,s=-1, 1, from Eq. (2-104) or (2-105) we obtain R, and X, from Egs. (2-100} and
{2-101). Then write

—— R ———
¥ -R R =-0 X =om (2-106)




Given characteristic Z,, propagation constant B,. conduct’on loss constant g and conductivity
o. we have, for one conducting strip, N = 1

'

- X —
Pr= 2;"1) o Be=Bof

- R - c
Uy, = 2/'"“ . @e= 5 agVl/o . (2-107)

Then, for N strips andn = 1

. z aR - R a

A(‘ = 7]'\'10 c ORETEN O Qe T O BR = T\[— ' Bc = B(: (2-108)
while forn = -1 and N even

L _ OR _ - - ER =8N 2-109)

/,(.—ZO Y t N g ac_acN ’ BR‘ N Bc‘Bc . (2-

Total attenuation loss is then
a=ag+oa. . B=Bp+B,. (2-110)

The input resistance and reactance are then

Z. tanh 2al,
R,,=— (2-111)

IS Rt cos 231, sech 2al,

Z. sin 281, sech 2al,
X = (2-112)

I cos2Bll sech 2al,

and

(s) R_/27Z.
R™ R Re/22c s=-1,1 (2-113)

i,m in -
a. + R, /22,

R, = R+ R (2-114)

i,m

The insertion loss is then given by6

(s)

(s) 4R, R, 76.4 AH Ar 10
L7 =2010g,, — —i—bm - (2-115) ]
(R + Ryp)2+ x2, 0w .
oK

where R, s the source impedance.
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3. MSW PROGRAM DESCRIPTIONS

This chapter provides a description of the Two Terminal, TT, (also known as a Truncated Array,
TA) and the Transmission Line, TL, MSW computer program. Programs are written in FORTRAN for
the CDC6600 computer with plot routines for the CALCOMP plotter.

There are two main programs: SUR and VOL. The MSSW program utilizes SUR; and MSFVW and
MSBVW programs utilize VOL. Input descriptions for SUR and VOL are described in Section 3.1.
Updated interactive versions, ISUR and IVOL, are described in Section 3.2. Section 3.3 defines batch
files for SUR and VOL. These batch files provide input data and call main programs.

A complete list and brief description of all MSW programs, available on tape. are described in
Section 3.4. A combined TT/TL program, for the generalized model described in Chapter 6, Section
6.4, is given in Section 3.5.

3.1 SUR and VOL Program Input Descriptions

In this section we define input variables for the main SUR and VOL programs, and provide
sample input variables. The TT (or TA) program requires 7 lines of input variables, denoted as Card 1
through Card 7. The TL program requires 5 lines of input variables, denoted as Card 1 through Card 5.

SUR, as well as VOL, has an option parameter, TTOP, which selects either the TT or TL model.
When TTOP=1, the TT model is selected; and, when TTOP=0, the TL model is selected. TTOP appears as
the last entry in Card 1. The other 7 entries in Card 1 apply to both TA and TL models.

3.1.1 SURFACE WAVES (SUR)

The TT model has provisions for a linear form of transducer apodization; for strip width, length,
and center to center spacing. That is, individual strips in a transducer may have different widths and
lengths, and adjacent strips may be separated by different amounts. Weighting between strips in this
program must progress in a linear fashion, starting at one end or in the center of the transducer. A
more general form of apodization would require program modification. No provisions are made for
apodization of the TL model.

Table 3-1 describes input parameters for Card 1. This card is the same for both TT and TL
models. Remaining cards for TT (TTOP=1) and TL (TTOP=0) models are treated separately in Sections
3.1.1.1 and 3.1.1.2, respectively.

Table 3-1. Card 1 for TT and TL, SUR

Card 1: H, T1, D, G, EL, EN, ETA, TTOP

H Internal, demagnetized, magnetic bias field (oersteds)

T1 Distance between transducer and top ground plane (meters)
D Thickness of YIG (meters)

G Gap between transducer and YIG surface (meters)

EL Distance from bottom ground plane to YIG surface (meters)
EN Number of transducer strips

ETA=1 for parallel grating, ETA=-1 for meander line

TTOP=0 for TL model, TTOP=1 for TT model
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3.1.1.1 TT Model (TTOP=1) SUR

Cards 2, 3. and 4 for the SUR TT model relate to apodization. These apodization cards are not

used in the TL model because apodization was not programmed into the TL program. A description of

Cards 2 through 7 for TT follows.

Card 2:

Card 3:

Card 4:

Card 5:

Card 6:

Card 7:

ELBEGN, ELDEL, ELOPT

ELBEGN
EI.DEL -
ELOPT -

First strip length, L1 (meters)

Increment for the remaining strips

0] ELDEL is applied successively to all strips

1 one half the strips are incremented by ELDEL, then the latter half are
decremented by ELDEL

ABEGIN, ADEL, AOPT

ABEGIN -

First strip width, ‘a’, (meters)

ADEL, AOPT - Serve the same function for strip width 'a’, as do ELDEL and ELOPT for

strip length, L1

PBEGIN, PDEL, POPT

PBEGIN -
PDEL, POPT

Center to center spacing, P, for the first two strips. (If N=1, P is irrelevant)
- Serve same function as stated for L1 and 'a’

DELH, DIST, FOPT

DELH -
DIST ~
FOPT -

RL, LMODE
RL -
I ODE -

PROGID
PROGID -

Linewidth, delta H (oersteds)

Distance between transducers, deltaR (meters)

0 = Nommal surface wave bandwidth for both waves

1 = Enlarged bandwidth for one wave (when t1+G and/or L are extremely
small)

Conduction loss, resistor in series with Rg+Rm
1 Truncated infinite array, TT
2 Normal modes

Three alphanumeric quantities used for ID plots. First quantity in first
8 columns, second in next 4, and third quantity in next 10 columns.

Motivation for including the FOPT option, see Card 5 above, in the program is that for some
combination of input parameters, the dispersion relation is double valued. That is, for a given

frequency, there are two values of k satisfying the dispersion re’ation. This occurs when at least one

ground plane Is very close to a YIG surface. See, for example, the dispersion curves in Figure 4-18 in
Section 4.10.1

Normally, FOPT is set to zero. However, when FOPT=0, and the dispersion relation becomes
double valued as frequency is incremented through the MSW bandwidth, a discontinuity occurs in




inserlion loss versus frequency plots at the transition frequency where the dispersion relation just
becomes double valued. This discontinuity occurs because there is a routine in the program that
truncates insertion loss to a constant when the dispersion relation is double valued.

However, experimentally, the passband sometimes continues on past the frequency where the
dispersion relation becomes double valued. This is because coupling efliciency to the two maodes,
defined by their respective K values, is strongly dependent on MSW wavelength. When the wavelength
is very small, (large K number) coupling efficiency is very low. Little energy goes into the higher order
mode when K is too large. In that case, only the lower K mode is excited. This is reflected in the
insertion loss plots.

The FOPT=1 routine allows the calculations to continue as if only the lower K mode is present,
and this generally shows up as a much wider bandwidth, sometimes almost a factor of 2 wider.

Table 3-2 provides a set of sample input data for the SUR, TT model.

Table 3-2. Input Data for SURTT

Card 1 890., .254E-3, .2E-4,0.,1.,1., 1., 1.
Card 2 .004, 0., 0.

Card 3 25.4E-6,0.,0.

Card 4 300.E-6, 0., 0.

Card 5 2,.01,0.

Card 6 35,1

Card 7 USERNAME1836SURFACEWAVE

3.1.1.2 TL Model (TTOP=0) SUR

Card 1 is described in Table 3-1, as it is identical to Card 1 in the TT model. Cards 2 through 5 are
described separately below.

Card 2: ELBEGN, ABEGIN, PBEGIN

ELBEGN - Strip length, L1, in meters
ABEGIN - Strip width, A, in meters
PBEGIN - Center to center spacing, P, in meters

Card 3: DELH, DIST, FOPT

DELH - Linewidth, deltaH (oersteds)
DIST - Distance between transducers, deltaR (meters)
FOPT - 0 = Normal surface wave bandwidth for both waves

1 = Enlarged bandwidth for one wave (when t1+G and/or L are
extremely small)

Card 4: ZC. BTC, SIG, ACC
Four parameters for the unperiurbed transmission line
ZC - Characteristic impedance in ohms
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BTC - Propagation constant parameter
The propagation constant, BT, in inverse meters is defined by:
BT=BTCxFMHZ

SI1G - Conductivity in mhos/m

ACC - Attenuation constant parameter
The attenuation constant, AC, in inverse meters is defined by:
AC=[8.68ACCxSQR(PixMuoxFCPS/SIG)]/T1, where FCPS=frequency
in cycles per second

Card 5: PROGID
PROGID

Three alphanumeric quantities used for ID plots. First quantity in first
8 columns, second in next 4, and third quantity in next 10 columns.

Table 3-3 provides a set of sample input data for the SUR TL model.

Table 3-3. Input Data for SUR TL

Card 1 890., 254.E-6, .2E-4,0., 1., 1., 1., 0.
Card 2 .004, 25.4E-6, 300.E-6

Card 3 .2,.01,0.

Card 4 96., .045, 3.72E3, .093

Card 5 USERNAME 1836 SURFACEWAVE

3.1.2 VOLUME WAVES (VOL)

The VOL program handles both MSFVW and MSBVW. There is a built in option to select forward
or backward volume waves. The TT option of VOL requires seven lines of input variables, and the TL
option requires 5 lines of input variables. Table 3-4 describes input parameters for Card 1 and Card 2.
Cards 1 and 2 apply to both TT and TL for VOL.

Table 3-4. VOL for TT and TL
e ——
Card 1: H,Tl,D,EL, ENM, OPN, G, TTOP

ENM - Thickness mode number

ENM=0 for fundamental mode

OPN - 0.=MSFVW, 1.=MSBVW
All other parameters as in SUR

Card 2: DELH, DIST, EN, ETA
All quantities as in SUR

The remaining cards for TT (TTOP=1) and TL (TTOP=0) are each treated separately in Sections
3.1.2.1 and 3.1.2.2, respectively.




3.1.2.1 TT Model (TTOP=1) VOL
All quantities in Cards 3 through 7, below, are as defined in the TT SUR program.

Card 3: ELBEGN, ELDEL, ELOPT
Card 4: ABEGIN, ADEL, AOPT

Card 5: PBEGIN, PDEL, POPT

Card 6: RL
Card 7: PROGID

Table 3-5 provides sample input data for TT VOL

Card 1
Card 2

EEEEE

Table 3-5. Input Data for VOL TT

1250., 254.E-6, .2E-4,1,,7..,0,,0., 1.
2,011, 1.

.004, 0., 0.

254E-6,0.,0.

300.E-6, 0., 0.

35.

USERNAME 1836 FOWARDVOLM

3.1.2.2 TL Model (TTOP=0) VOL
All quantities in Cards 3, 4, and 5 are as in SUR TL.

Card 3: ELBEGN, ABEGIN, PBEGIN

Card 4: ZC, BTC, SIG, ACC

Card 5: PROGID

Table 3-6 provides sample input data for VOL TL.

4

4.

-

Table 3-6. Input Data for VOL TL
b e ]

1250., 254E-6, 2E-4,1,,0,1,0.,0.
2,01,1.,1.

.0004, 25.4E-6, 300.E-6

96., .045, 3.72E3, .093
USERNAME 1836 BACWADWAVE

3.2 Interactive Programs, Inputs and Procedures

The SUR and VOL programs have been updated to include saturation magnetization as an input
parameter, and to make the programs more interactive. The updated programs are designated ISUR

and IVOL.
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In SUR and VOL the saturation macnetization is a fixed constant. In addition, when SUR and
VOL are run, all calculated data are stored in tables. Plots are obtained from the tables at a later time.

In ISUR and IVOL, saturation magnetization is an input parameter. In addition, when programs
are run, plots are obtained immediately while the program is executing. This allows parameters (o be
changed and their effects seen, interactively.

During a break in program execution, type in one or zero at the prompt, to select TT or TL
programs.

3.2.1 SURFACE WAVES (ISUR)

Input data for ISUR is identical with SUR except for Card 1. Replace Card 1 with Line 1 as given
below.

Line 1: H, T1, D, G, EL, EN, ETA, PI4M

Ail quantities except for PI4M are as described in SUR. PI4M is the saturation magnetization in
Gauss.

3.2.2 VOLUME WAVES (IVOL)

Input data for IVOL is identical with VOL except for Card 1. Replace Card 1 with Line 1 as given
below.

Line 1: H, T1, D, EL, ENM, OPN, G, PI4M
All quantities except for PI4M are as described in VOL. PI4M is the saturation magnetization in
Gauss.

3.2.3 INTERACTIVE PROGRAMS

There are five interactive programs as listed below.

1. ISUR - Main Surface Wave Program
TAPEI1 for TT
TAPE2 for TL
2. ISURN - Surface Waves, combined model, TAPE3 for TT/TL
3. IVOL - Main Volume Wave Program
TAPE4 for TT
TAPES for TL
4. ISURP - Surface Wave Dispersion, TAPE7

5. ISUWM - Surface Wave Dispersion with Width Modes, TAPES

Output data for all of these programs is stored on TAPE6. When a program is run, the following
three options are possible.

1. Interactive or pen plots
2. Line printer output
3. Terminal output
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3.2.4 PROGRAM EXECUTION PROCEDURES

Example procedures for executing three of the interactive programs, ISUR, ISURN, and ISURP,
are given below in Sections 3.2.4.1, 3.2.4.2, and 3.2.4.3, respectively. The procedures are for NOS, the
present network operating system for the CYBER.

3.2.4.1 ISUR

The following procedure is used for running the interactive surface wave program, ISUR, which
uses TAPE] for input data to TT, and TAPE2 for input data to TL.

PROCEDURE:

/GET, ISUR

/GET, TAPE1 or TAPE2

For printer output and/or pen plots, use

/GET, PEN=OFFPEN4/UN=PLIB
/LIBRARY, PEN

or, for interactive plots with or without printed output, use

/ATTACH, TEK=TEKSIM/UN=PLIB
/LIBRARY, TEK

/FTN, I=ISUR
JLGO

?21forTT
O for TL

Interactive plots are automatic.
Alter program runs, replace tape.

/REPLACE, TAPEG 'also provides for printed output

/XEDIT, TAPEG ‘for terminal outlput
/ROUTE, TAPE6, DC=LP, UJN=name 'for line printer

/ROUTE, TAPE39, DC=PL, ID=62, TID=C 'for penplots
/RETURN, TAPE39 'if plots not needed

/REWIND, LGO 'when more cases are to be run

3.2.4.2 ISURN

The following procedure is used for running the interactive combined TT/TL surface wave
program, ISURN, which uses TAPE3 for input data to TT/TL.

PROCEDURE:

/GET, ISURN
/GET, TAPE3




For printer output and/or penplots, use

/GET, PEN=OFFPEN4/UN=PLIB
/LIBRARY, PEN

or, for interactive plots with or without printed output, use

/ATTACH, TEK=TEKSIM/UN=PLIB
/LIBRARY, TEK

/FTN, ISURN
/LGO 'interactive plots are automatic

/REPLACE, TAPEG 'also provides for printed output

/XEDIT, TAPESG 'for printed output on terminal
/ROUTE, TAPEG6, DC=LP, ID=62, UJN=name ‘for line printer

/ROUTE, TAPE39, DC=PL, ID=62, TID=C 'for penplots
/RETURN, TAPE39 ‘if plots not needed

/REWIND, LGO ‘when more cases are to be run.

3.2.4.3 ISURP

The following procedure is used for running the interactive surface wave dispersion program,
ISURP, which uses TAPE? for input data.

PROCEDURE:

/GET, ISURP
/GET, TAPE7

For printer output and/or pen plots, use

/GET, PEN=OFFPEN4/UN=PLIB
/LIBRARY, PEN

or, for interactive plots with or without printed output, use

/ATTACH, TEK=TEKSIM/UN=PLIB
/LIBRARY, TEK

/FTN, ISURP
/LGO 'interactive plots are automatic

/REPLACE, TAPESG 'also provides for printed output

/XEDIT, TAPES 'for printed output on terminal
/ROUTE, TAPES6, DC=LP, ID=62, UJN=name 'for line printer

/ROUTE, TAPE39, DC=PL, ID=62, TID=C ‘for penplots
/RETURN, TAPE39 'if plots not needed

/REWIND, LGO ‘when more cases are to be run




3.3 Input Data Batch Files for SUR and VOL

When it is required to change input data frequently, it is convenient to use Input Dala Batch Files
which contain the input data, and execute main programs, SUR or VOL.

Tables 3-7 through 3-10 provide four such programs for the CYBER NOS system. The four Input
Data Batch Files are identified as SURTTC, SURMMC, VOLTTC, and VOLMMC. The last letter in these
names, C, designates a composite file. TT designates the two terminal model, and MM the microstrip
{transmission line} model.

Table 3-7. SURTTC - Surface Wave, TT, Composite, Input Data Batch File

SETH, T40, CM142000.

USER, SETHARE, SETHARE.

CHARGE, 3282, 2305.

GET, X=SUR.

FTN, I=X, R=0.

GET, PEN=OFFPEN4/UN=PLIB.
LIBRARY, PEN.

LGO.

ROUTE, TAPE39, DC=PL, ID=62, TID=C.
--EOR--

0375.0, .2286E-3, .300E-4, .254E-4, .100E1, 1., 1., 1.
.300E-2, 0., 0.

.500E-4, 0., 0.

.300E-3, 0., 0.

.50EQ, .01, O.

0.1

SETHARES1836SURFACE TT

COMMENTS FOLLOW

DATA CARDS FOR 2 TERMINAL MODEL:
CARD 1 -- H,Tl, D,G,L, N, ETA, TTOP
CARD 2 -- L1 1ST,DELLI1, L1 OPT
CARD 3 -- A IST,DEL A, AOPT

CARD 4 -- P 1ST,DELP, POPT

CARD 5 -- DELH, DELR, FOPT

CARD 6 -- RLOSS, LMODE

CARD 7 -- PLOTID CARD

TTOP=1. 2 TERMINAL MODEL TTOP=0. MICROSTRIP MODEL
FOPT=0. NORMAL BANDWIDTH FOPT=1. LARGER BANDWIDTH
LMODE=1 UNIFORM CONDUCTORS LMODE=2 NORMAL MODES
--EOR--

65




Table 3-8. SURMMC - Surface Wave, TT, Composite, Input Data Batch File

SETH, T040, CM142000.

USER, SETHARE, SETHARE.

CHARGE, 3282, 2305.

GET, X=SUR.

FTN, I=X, R=0.

GET. PEN=OFFPEN4/UN=PLIB.
LIBRARY, PEN.

LGO.

ROUTE, TAPE39, DC=PL, ID=62, TID=C.
--EOR--

0375.0, .2286E-3, .3E-4, .254E-4, 1., 1., 1., 0.
.003, .5E-4, .3E-3

.5,.01,0.

86., .045, 3.72E7, .053
SETHARES1836SURFACE MS

COMMENTS FOLLOW
TTOP=1. 2 TERMINAL MODEL TTOP=0. MICROSTRIP MODEL
FOPT=0. NORMAL BANDWIDTH FOPT=1. LARGER BANDWIDTH

DATA CARDS FOR MICROSTRIP MODEL:
CARD 1 -- H,T1,D,G, L, N, ETA, TTOP
CARD 2 -- L1,A P

CARD 3 -- DELH,DELR,FOPT

CARD 4 -- ZC, BTC, SIGMA, ALPHA C
CARD 5 -- PLOT ID CARD

--EOR--




Table 3-9. VOLTTC - Volume Wave, TT, Composite, Input Data Batch Fiie

SETH. TO410, CM 142000.

USER, SETHARE, SETHARE.
CHARGE, 3282, 2305.

GET, X=VOL.

FTN, I=X, R=0.

GET, PEN=OFFPEN4/UN=PLIB.
LIBRARY, PEN.

LGO.

ROUTE, TAPE39, DC=PL, ID=62, TID=C.
--EOR--

893., 250.E-6, 25.E-6, 1., 0., 1., 25.E-6, 1.
5,014, 1.

.300E-2, 0., 0.

.500E-4, 0., 0.

300E-3, 0., 0.

0.

SETHARES1836 VOLUME TT

COMMENTS FOLLOW
DATA CARDS FOR 2 TERMINAL MODEL:

CARD 1 -- H,T1l, D, L MODE NO., OPTION, G, TTOP

CARD 2 -- DELIH,DELR, N, ETA
CARD 3 -- L1 1ST,DELLI1, L1 OPT
CARD 4 -- A 1ST,DELA AOPT
CARD 5 -- P 1ST,DELP, P OPT
CARD 6 -- RLOSS

CARD 7 -- PLOT ID CARD

TTOP=1. 2 TERMINAIL MODEL
OPTION=0. FORWARD WAVES

TTOP=0. MICROSTRIP MODEL

OPTION=1.

MODE NO. (EX: MODLE NO.=0. FIRST MODE)

--EOR--
--EOR--
END OF FILE

BACKWARD WAVLS
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Table 3-10. VOLMMC - Volume Wave, TL, Composite, Input Data Batch File

SETH, T040, CM142000.

USER. SETHARE, SETHARE.

CHARGE, 3282, 2305.

GET, X=VOL.

FTN, I=X, R=0

GET, PEN=OFFPEN4/UN=PLIB.
LIBRARY, PEN.

LGO.

ROUTE, TAPE39, DC=PL, ID=62, TID=C,
--EOR--

893., 250.E-6, 25.E-6, 1., 0., 1., 25.E-6, 0.
5,.01,4., 1.

.003, 50.E-6, 300.E-6

80., .05, 1.E30, .055

SETHARES1836 VOLUME MM

COMMENTS FOLLOW
DATA CARDS FOR MICROSTRIP MODEL:

CARD 1 -- H,Tl, D,L, MODE NO., OPTION, G, TTOP

CARD 2 -- DELH,DELR, N,ETA
CARD3 -- L1LLAP

CARD 4 -- ZC, BTC, SIGMA, ALPHA C
CARD 5 -- PLOT IDCARD

(TTOP=1. 2 TERMINAL MODEL)
OPTION=0. FORWARD WAVES

--EOR--
--EOR--
END OF FILE

OPTION=1.
MODE NO. (EX: MODE NO.=0. FIRST MODE)

MICROSTRIP MODEL
BACKWARD WAVES

3.4 Complete List of MSW Program Files
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There are about forty MSW computer programs. All of them are stored on Tape CC1159, which is
maintained at AFGL's CYBER Input/Output Section. Tape CC1159 is backed up by Tape M7503 which
is maintained at RADC/EEAC.

Table 3-11 lists all MSW programs filed on Tape CC1159. Included in the list is other relevant
information about files stored on the tape. Tape CC1159 is catalogued in RECLAIM system memory.
This means that files can be listed, without loading the tape on a drive, by using the following NOS
system command: /RECLAIM,Z./LIST, TN=CC1159.




Table 3-11. Files on CC1159

RECLAIM. Z./LIST, TN=CC1159 UN:SMS/OQ/O?. 09.36.49.

RECLAM V4.2 OP=LIST USERNAME: SETHARE TAPE: CC1159
PFN TYPE LAST MOD LENGTH FI REC
COPY80 1 85/11/27 1 4 1
DISURC I 84/10/02 4 1 6
DISURP I 84/10/02 11 1 2
DSURC I 84/10/02 4 1 7
DSURN I 86/04/18 5 7 1
DSURP I 84/10/02 16 1 10
DUM 1 84/10/02 1 1 11
DVOLC I 84/10/02 4 1 9
DVOLP I 84/10/02 17 1 1
IFVDSP I 87/09/15 18 11 6
ILGVC I 84/10/02 4 1 22
IFGVP I 84/10/02 37 1 23
ISUR I 87/09/15 46 11 1
ISURN I 87/09/15 45 11 2
ISURP I 87/09/15 16 11 4
ISUWM I 87/09/15 17 11 5
IVOL I 87/09/15 47 11 3
LIST 1 84/10/02 1 1 12
LOAD I 84/10/02 1 1 4
LOADI1 I 84/10/02 1 1 5
MS5 I 85/12/05 85 3 1
NMSW I 85/12/04 5 3 2
NSSN I 86/04/18 45 8 1
PLTS I 86/04/18 4 6 2
SETLOAD I 84/10/02 3 1 21
SPJ 1 86/04/18 5 8 2
SSN I 85/12/04 45 2 1
SUDN I 86/04/08 5 6 1
SUR I 84/10/02 45 1 15
SURJ I 86/04/18 44 8 3
SURMMC I 84/10/02 4 1 13
SURN I 86/04/08 44 5 1
SURTTC I 84/10/02 5 1 8
TAPE1 I 87/09/15 5 9 1
TAPE2 I 87/09/15 4 9 2
TAPE3 1 87/09/15 5 9 3
TAPE4 I 87/09/15 4 10 1
TAPES I 87/09/15 4 10 2
TAPE7 I 87/09/15 4 10 3
TAPES8 I 87/09/15 4 10 4
TAPES I 87/09/15 4 10 5
VOL I 84/10/02 46 1 16
VOLMMC I 84/10/02 4 1 17
VOLTTC I 84/10/02 5 1 14
vSsC I 84/10/02 4 1 3
VSP I 84/10/02 26 1 19
WMFVC 1 84/10/02 4 1 18
WMFVP I 84/10/02 32 1 20
XX i 85/11/27 95 4 2

49 FILES PROCESSED.
RECLAIM COMPLETE.
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Tables 3-12 and 3-13 provide a brief description of all files on Tape CC1159.

Table 3-12. File Description for Tape CC1159

SUR
SURTTC
SURMMC

VOL
VOLTTC
VOLMMC

ISUR
Tapel
Tape2

ISURP
Tape7

ISUWM
Tape8

IVOL
Tape4
Tapeb

IFVDSP
Tape9

MAIN SURFACE WAVE PROGRAMS

Main MSSW program
Batch file, contains input data and calls SURTT
Batch file, contains input data and calls SUR TL

MAIN VOLUME WAVE PROGRAMS

Main MSFVW and MSBVW programs
Batch file, contains input data and calls VOL TT
Baich file, contains input data and calls VOL TL

MAIN INTERACTIVE SURFACE WAVE PROGRAMS

Main interactive MSSW program
Input data for ISURTT
Input data for ISURTL

Interactive MSSW dispersion relation
Input data for ISURP

MSSW dispersion for width modes
Input data for ISUWM

MAIN INTERACTIVE VOLUME WAVE PROGRAMS

Main interactive MSBVW and MSFVW programs
Input data for IVOL TT
Input data for IVOL TL

Interactive MSFVW with 4PIM and width modes
Input data for FVW with width modes

GENERALIZED MBINED TT/TL ACE WAVE PROGRAMS

SURN

DSURN

ISURN
Tape3d

Main combined TT/TL MSSW program

Input data and calling program for SURN

Main interactive combined TT/TL MSSW program
Input data for ISURN
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Table 3-13. File Description for Tape CC1159 (Continued).

Moadified and Extended Programs

SURJ
SPJ

MS5
PLTS

NSSN
SSN
NMSW

ILGVP
ILGVC

DSURP
DSURC

DVOLP
DVI.OC

VSP
VSC

WMFVP
WMFVC

DISURP
DISURC

COPY80
SETLOAD
DUM
SUDN
LOAD
LOAD1
LIST

XX

SUR with J(k) a circular Bessel Function
Input data and calling program for SURJ

SUR with J(k) and k using Chapter 8 analysis
Input data and calling program for MS5

Signal/Noise, S/N, enhancer configuration program

S/N enhancer configuration working program
Input data and calling program for NSSN

Generalized volume wave working program
Input data and calling program for ILGVP

Dispersion for nonpure surface waves
Calls DSURP

Dispersion for nonpure volume waves
Calls DVOLP

Nonpure modes, VOL + SUR
Calls VSP

Width modes for MSFVW
Calls WMFVP

MSSW dispersion for pure modes
Input data and calling program for DISURP

Miscellaneous Programs Listed

Used for data handling during program execution
Calling program for other files

RECLAIM dump balch file

Replaced by DSURN

Empty file

Empty file

Empty file

System working file
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3.5 Combined TT/TL Program

The main combined TT/TL surface wave program is SURN. Its calling program and input data
batch file is DSURN. A listing of DSURN is given in Table 3-14.

Table 3-14. DSURN - Combined TT/TL Input Data Batch File

WEIN, T50.

USER, WEINB, WEINB.

CHARGE, 0387, 2305.

GET, X=SURN.

FTN., I=X, R=0, SL.

GET, PEN=OFFPEN4/UN=PLIB,
LIBRARY, PEN.

LGO.

ROUTE, TAPE39, DC=PL, ID=62, TID=C.
--EOR--

0375.0, .2286E-3, .300E-4, .254E-4, .100E1, 1., 1., 1.
.300E-2, 0., 0.

.500E-4, 0., 0.

.300E-3, 0., 0.

.50EQ, .01, O.

0.1

86., .045, 3.72E7, .053. 0.
WEINBERGSURNNEW OPT SU

COMMENTS FOLLOW

DATA CARDS FOR COMBINED OPTION MODEL:
CARD 1 -- H,T1.D,G, L N, ETA, TTOP

CARD 2 -- L1 1ST.DELL], L1 OPT

CARD 3 -- A IST,.DELA, AOPT

CARD 4 -- P 1ST,DELP, P OPT

CARD 5 -- DELH,DELR,FOPT

CARD 6 -- RLOSS, LMODE

CARD 7 -- ZC BTC, SIG, ACC, RLOAD

CARD 8 -- PLOTID CARD

TTOP=1. 2 TERMINAL MODEL TTOP=0. MICROSTRIP MODEL
FOPT=0. NORMAL BANDWIDTH FOPT=1. LARGER BANDWIDTH
LMODE =1 UNIFORM CONDUCTORS LMODE=2 NORMAL MODES
--EOR--

--EOR--

END OF FILE
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4. COMPUTER GENERATED DATA

This chapter contains computer generated plots based on the analysis and computer programs
presented in this report. A range of input parameters is chosen to {llustrate results.

4.1 Independent Conductors and Normal Mode Models

Figure 4-1 illustrates a fundamental difference between the independent conductor model and
the normal mode model. Both models give essentially identical results at frequencies close to the
fundamental response of the transducer, known as synchronism. At synchronism, the MSW
wavelength is equal to the fundamental spatial period, p. of the transducer, 300 um in this case.

For this case synchronism occurs at 3245 MHz as can be seen in Figure 4-1. There is a slight
difference in sidelobe levels, in the predictions of the two models, at the first near-in sidelobe. At
frequencies far from synchronism the normal mode analystis is not useful. The normal mode model is
accurate for narrow band responses. The sharp response near 3480 MHz in the independent conductor
response is the second spatial harmonic; that is, the MSW wavelength there is 150 um. The normal
mode analysis will produce the 3450 MHz response when the mode index value, n, is incremented by 2.
(This is illustrated later in Figure 4-4.)

4.2 TT and TL Models

Figure 4-2 compares insertion loss response of the two terminal independent conductor model,
TT, with the transmission line, TL, model, for multibar grating transducers. The solid line is for TT
and the dashed line for TL models. Note that the position of zeros in insertion loss are in very close
agreement. Differences in absolute insertion loss, IL values, are not significant here. The absolute IL
values are in agreement when the same loss is included in each model. The important point here is
that the position of zeros is a result of employing superposition principles. Superposition of
independent conductor responses is assumed in both models.

4.3 MSSW with No Ground Planes

For magnetostatic surface waves (MSSW) with no ground planes it is possible to solve for the
radiation resistance in closed form. This serves as a check point for computer generated data, and it is
useful for acquiring general insights into magnetostatic wave characteristics. We have been
unsuccessful, however, in solving for radiation reactance in closed form even with no ground planes.
Figure 4-3 shows plots of the closed form solutions for radiation resistance for single element MSSW
transducers for both plus and minus waves. Plus waves are the ones most strongly excited and have
most of their energy concentrated at the YIG surface nearest the transducer. They propagate in the
H x fi direction, where i is a unit vector pointing out of the YIG on the transducer side.

There are several important features illustrated in this figure. First, there is a large difference in
radiation resistance for the plus and minus waves. Plotted in the figure is radiation resistance per
unit transducer length or aperture, ohms/cm. This means that the transducer efficiency can be
controlled by adjusting transducer aperture, L1. If we make L1 = 1 cm, then Rmp = 50 ohms at about
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Figure 4-1. Insertion Loss versus Frequency. Response of a pair of 15-element grating transducers
in a delay line configuration.
a. Independent conductor analysis, top figure b. Normal mode analysis, bottom figure
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Figure 4-3. Radiation Resistance for Single Strip Transducer with No Ground Planes. MSW
wavelength at 3.7 GHz is 282 um

3.7 GHz. This frequency is efficiently excited in a 50 ohm system. Actually, we need to take into
account radiation reactance in order to be accurate. However, we neglect that here for purposes of
{llustration.

Secondly. the wavelength at 3.7 GHz is 282 um (wavelength = 2r/k) which is of the same order of
magnitude as the strip width A, equal to 178 um. This result makes physical sense; that is, transducer
widths favor the generation of MSW with wavelengths comparable io transducer width. Finally, note
that MSW wavelengths are in general large compared to YIG thickness D, equal to 6.25 um in this case.

Third, the two peaks in radiation resistance occur at k numbers of about 30 and 430 inverse cm.
Since k = 2n/wavelength, the two wavelengths differ by a factor greater than 10. The shortest
wavelength is about 0.15 mm and the longest wavelength is over 2 mm. We expect therefore, that the
passband will contain a wide range of wavelengths when using single element transducers.
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4.4 Narrow Band Transducers: Meander Line

We now turn to narrow band multielement transducers. Figure 4-4 is a plot of radiation
resistance vs frequency for an eight-element meander line transducer. Again, the plus and minus
waves are indicated by solid and dashed curves, respectively. Impedance levels of meander line
transducers are larger than they are for grating transducers primarily because individual elements in
meander lines are connected in series rather than in parallel as they are in grating line transducers.

The analysis presented in this report for meander line transducers breaks down if N, the number
of elements, is large. This is because the analysic does not allow large current variations along the
meander line length. The criteria for large N is dependent on electromagnetic wavelength compared to
meander line length. EM wavelength must be large compared to the stretched out meander line length,
NL1, in order for the analysis to be valid.

4.4.1 INDEPENDENT CONDUCTOR MODEL

Here in Figure 4-4a, we clearly see five spatial harmonics for the plus wave. These responses
were generated with the TT independent conductor strip model. In Figure 4-4b we have plotted two
normal mode responses on the same scale. The fundamental and first space harmonic are generated
by setting the mode index parameter n equal to 1 and then 3. A comparison of Figures 4-4a and 4-4b
again shows the close agreement between the independent conductor model and normal mode model
near synchronism.

4.4.2 NORMAL MODE MODEL

In Figure 4-5 peak values of radiation resistance have been labelled with appropriate MSW
wavelengths in terms of multiples of periodicity 2P. The largest radiation resistance occurs at MS v
wavelength equal to 2P. P is the center to center spacing between strips. In a meander line, currer s in
adjacent strips are oppositely directed. Thus, two strips that are spaced by 2P have currents in the
same direction. Waves generated by strips 2P apart add constructively; waves generated by strips P
units apart add destructively, and cancel. This explains the absence of a response at 2P = two
wavelengths. Subsequent wavelengths that add constructively are given by 2P =3,5, 7, . ..
wavelengths, as indicated in the figure.

4.4.3 RADIATION RESISTANCE AND GENERATION EFFICIENCY

Radiation resistance does not necessarily decrease as mode index number increases. In Figure
4-6 radiation resistance increases as mode index number increases. An increasing mode index simply
defines higher order spatial harmonics.

As radiation resistance increases, it is more difficult to drive current through the strips, so that a
large radiation resistance does not imply maximum generation efficiency. Overall efficiency will be
determined by the combined eflect of radiation resistance, reactance and generator impedance. Figure
4-6 gives radiation resistance and reactance for a multielement transducer, for the TT model.
Radiation reactance is actually a Hilbert transform of radiation resistance so it does not constitute
fundamental new information. It is needed, however, in the calculation of insertion loss. It is a
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the same set of axes.
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measure of transducer electrical reactance and, therefore, affects the amount of current flowing in the
conducting strip, for a given applied voltage.

4.5 Liftoff

Figure 4-7 is a plot of radiation resistance versus frequency for different liftofl values. g. Liftofl.
g. is the distance between YIG surface and transducer.

Effects of liftoff on insertion loss are shown in Figures 4-8 and 4-9. Figure 4-8 shows how liftofl
parameter, G in this case, is defined for these two figures. The figure also shows MSSW wavelength at
synchronism (wavelength equals P) and at the first spatial harmonic, where P is twice the wavelength.
For small values of liftoff, sidelobe levels decrease faster than the main response, as liftoff is
increased. This effect can be used to reduce sidelobe levels in resonator type filters.

Figure 4-9 shows another effect that occurs with large values of liftoff. Large liftoff means large
with respect to MSW wavelength. Recall that within the MSSW passband, 2600 to 3400 MHz in this
case, the wavelength is largest at the low frequency end of the passband. At synchronism near
3080 MHz the wavelength is equal to the center to center spacing between transducer elements
(P = 300 um). Liftoff g = 150 um for the solid curve. Therefore, the liftoff at synchronism for this case
is one half wavelength. This is seen to produce over 30 dB of insertion loss. Near 2600 MHz on the
other hand, liftoff is small compared to wavelength so the insertion loss does not increase appreciably
with liftoff. This effect can be used to design bandpass filters with very low sidelobes using long
wavelength MSWs. This is demonstrated in Section 6.3 of this report.

4.6 Insertion Loss and Linewidth

Figure 4-10 depicts insertion loss versus frequency for MSSW with ferromagnetic resonance
linewidth as a parameter. The top curve, AH = 0, is for a loss-free system. This is the best that can be
done. The bottom curve, AH = 10 oersteds, represents a material that is too lossy for potential
applications. Losses for the best available material, YIG at the present time, are between AH = 0 and
AH = 0.2 oersteds. This range of linewidths results in insertion losses very close to the ideal lossless
case.

There have been reports, see reference 1 in Chapter 1, of polycrystal YIG with linewidths of about
one oersted, and that MSW have been observed in polycrystal YIG.

4.7 Insertion Loss and Strip Width

Figures 4-11 to 4-13 show the effects of changing transducer strip width on insertion loss.
radiation resistance, and radiation reactance. Results are for a pair of single element transducers
2 mm in length and 10 mm apart with a YIG film 30 um thick flipped onto transducers which are
254 um from a ground plane. The other ground plane is essentially at infinity, L = one meter. A
linewidth of 0.5 oersteds is assumed; and conduction loss in the transducers is neglected. that is,
resistive loss is assumed to be zero. The parameter p = 300 um, representing transducer element
spacing, is arbitrarily set at 300 um. Actually, the results are independent of this parameter since
there is only one element per transducer, n = 1. These results are for the independent conductor two

81




I3j9weled € se 3, JJOYrT yum
I3dnpsuel] suneln) JuawI-{ € 10§ ‘Louanbai g snsisa Y18uay a1niady 190npsueLy, WUN) 194 IJUBISISIY uonepey ‘2-b 2Ingyg

(ZHW) ADN3ND3IYS
000t 0G6¢ 006t  06G8¢ 008¢ 06.¢ 00.¢% 0Go¢ 009¢ 0G5  006G¢
T T T e

1 SAY

4/D=b

—-
|
|
_ D
42/0 = b “ Hmv
| =
B _ 09 2
wrGz9=p _ I <
20 Omwn H “ @
79G¢ =d _ =
W =
- 406 B
wrg)|=0b “ m
wr gz =1 =1 i S
b =N I Q
[ | 402l =
(+) 3AUYM 30W44NS | %
SdIYLS ONILONANOD LN3IANIJ3ON! | 2
H3ONASNVHEL ONILYHO | =
- “ 4 ogl
|
|

| ! | i 1 1 | | Om_

82



INSERTION LOSS (dB)

THEORY OF LIFTOFF (G) FOR MSSW
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Figure 4-8. Insertion Loss for Zero, and 15 um Liftoff, G. Lower portion of figure shows geometry.
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terminal model with flat current distribution across the strip width and uniformity along the
transducer length L1.

An important result here is the multiple insertion loss responses for wide strips. The lowest
frequency response minimum insertion loss is insensitive to strip width. Higher frequency responses
are severely attenuated with increasing strip width. This effect can be used to design bandpass filters
of about 8 percent bandwidth. Note that the value of radiation resistance is close to 50 ohms at some
frequency within the passband for all strip widths, and radiation reactance is positive over most of
the passband for narrow strips, while for wider strips radiation reactance passes through zero. !

4.8 Microstrip or Transmission Line Model

Figures 4-14 and 4-15 show results for the microstrip model, which is also referred to as a
transmission line model in this report. Dispersion relations, Figure 4-15, are identical for TL and TT
models.

4.9 Two Element Grating Transducer

Figure 4-16 illustrates the effect of changing transducer aperture L1 on insertion loss, for a two
element grating transducer. Results are for the TT model. The three values of L1, corresponding to the
plots in Figure 4-16 from top to bottom, respectively, are 0.625 mm, 1.25 mm, and 2.5 mm. This figure
indicates L1 is not a critical design parameter with respect to insertion loss. Although radiation
resistance is critically dependent on L1, the insertion loss is only weakly dependent on L1. On the
other hand, transducer aperture, L1, is important for beam profile control and higher order mode
suppression.

Figure 4-17 illustrates the effect of changing the liftoff parameter g. Four insertion loss plots are
shown for g = 0, 20, 50, and 100 um. The main effect of increasing g is to increase insertion loss at the
high frequency, or short wavelength end of the passband. Insertion loss at the low frequency end of
the passband, where wavelengths are large, are essentially independent of liftoff for all practical
g values. Liftoff is an important design parameter.

4.10 Dispersion Relation and Group Velocity

Selected dispersion relations (frequency versus wavenumber) and group velocity characteristics
are shown in Figures 4-18 through 4-25,

4.10.1 NORMALIZED DISPERSION RELATIONS

Figure 4-18 shows generalized MSSW dispersion curves for a fixed DC magnetic field. The curves
are normalized with respect to film thickness and saturation magnetization. Figure 4-19 shows
generalized MSSW group velocity curves for the case where ground planes are on, or close to, a YIG
surface. The dispersion relation equation, from which the curves in Figure 4-18 and 4-19 are
generated, can be derived from Egs. (2-30) and (2-31), and can be put in the form:

(1-ag)exp(-2L) + (1+0)T
(1+ag)exp(-2L) + (1-0,)T °

exp(-2LL1) = (4-1)
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Figure 4-19. Generalized Group Velocity Curves for One Closely Spaced Ground Plane
a. Weakly coupled MSSW on YIG surface opposite transducer side of YIG. s = -1
b. Strongly coupled MSSW on YIG surface near transducer side, s = +1
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where

_ lay + tanh(LL, )]
~ [a; - tanh(LL; )]

and o, and o, are defined by Eqgs. (2-21) and (2-23). The normalization for Figures 4-18 and 4-19 is:
L;=(/d.L=Kd,L; =t/d, wheret =t; + g, and Q = 0 /(y4nM).

In addition, here, normalized frequency is OM = Q, LT = L, LL = L1. The normalized propagation
constant is L. The parameter s is £1; and it denotes propagation direction in the expression
expli(ot - sKx)].

In Figure 4-18a, one of the ground planes is on the YIG surface, LL = 0. The other ground plane is
spaced by an amount LT from the other YIG surface. Since LT = 1/d, the curve LT = 100 corresponds
closely to the case of a single ground plane on one surface, the other ground plane being very far away;,
while the curve LT = 0.001 corresponds to the case of a YIG slab sandwiched between two closely spaced
ground planes. This latter curve implies that MSSW bandwidth approaches zero when two closely
spaced ground planes are used, and relatively wide bandwidths are obtained with only a single ground
plane. The curve LT = 100 for positive L, s = +1, corresponds to MSSW closely bound to a free YIG
surface with no ground planes.

In Figure 4-18b one of the ground planes is moved far from the YIG, LL = 1,000,000 um, while the
other is spaced LT units from a surface. Again, for LT = 100 there are essentially no ground planes
while for LT = 0.001 there is one closely spaced ground plane.

Figure 4-18 also shows that for some ground plane spacings there are two values of propagation
constant, for s = +1, at a fixed frequency. See, for instance, the curve labeled LT = 1.0 in Figure 4-18b, at
OM = 0.9. This corresponds to an undesirable choice of ground plane spacings when single mode
operation over a passband is desirable. A particularly useful choice of ground plane spacings appears
to be that of a single closely spaced ground plane. This will result in single mode wide bandwidth
operation. The disadvantage of a closely spaced ground plane is the introduction RF conduction loss.
Therefore, some tradeoff will apply between the choice of ground plane spacing and the amount of loss
that can be tolerated.

4.10.2 MSSW NORMALIZED GROUP VELOCITY

Figure 4-19 shows a particularly attractive feature of having one closely spaced ground plane for
MSSWs. Group velocity is nearly linearly related to frequency, a useful signal processing
characteristic. In the figure, plots are shown for four biasing field values. There is excellent tuning
via the biasing magnetic field H. This feature is presently useful up to about 6 GHz. Above that
frequency, ground plane losses are troublesome. At 3 GHz, gold ground planes introduce negligible
loss. When superconducting ground planes become practical, their use with MSW should prove
attractive.

4.10.3 DISPERSION CURVES FOR MIXED MODES

Figures 4-20 through 4-23 show dispersion relations; that is, propagation constant, K, versus
frequency for MSW propagating at arbitrary angles with respect to the bias field. For all of these
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figures, 4-20 through 4-23, there are no ground planes (L and T are infinite); biasing fields are 2500
oersteds (internal field); and the YIG thickness is 10 um. These MSWs are not pure modes, except for
the three limiting cases where all angles are either O or 90 degrees. Angles are defined in Figures 2-1
and 4-24. These figures define biasing field directions. Wave propagation is always in the x direction.
The dashed curve in Figure 4-20, 6 = O, is for a MSFVW pure mode with phase and group velocity
collinear. The solid curve is for a hybrid mode. This is a mixture of MSFVW and MSSW. The biasing
field for Figure 4-20 is in the transverse yz plane and out of the plane of the film. Phase and group
velocities are not in the same direction, or collinear. In Figure 4-21, the biasing field is in the xz
plane; that is, in the plane of the film. The dashed curve represents a pure MSBVW and the solid curve
a hybrid mode. It is a mixture of MSSW and MSBVW. Figures 4-20 and 4-21 are for positive waves.
Figure 4-22 is for biasing fields also in the plane of the film, but for the negatively going waves. A
limiting pure MSSW is represented here by a solid curve and a hybrid mode by the dashed curve. It is a
combination of MSSW and MSBVW.

Figure 4-23 depicts dispersion relations when the biasing field is in the yx plane, and ¢ = O for
three values of 8: 30, 43, and 60 degrees. These hybrid modes are combinations of MSFVWs and
MSBVWs. Note the K = 0, cutofl condition, for all three curves. This is a general result; that is, within
each of the three bandwidths there is a transition from MSBVW-like modes to MSFVW-like modes
separated by a frequency which corresponds to a K number of zero. At this frequency there is no
propagation. This effect is described in detail by Parekh and Tuan.! It means that a delay line with a
spatially varying orientation of the biasing field along the direction of propagation, and out of the
plane, will have a notch at some frequency within its passband. This effect is believed to be quite
general and a similar result obtains for spatially varying biasing fields in the film plane, along the
propagation direction, for MSSW to MSBVW conversion. Again, a notch is expected to appear in the
frequency band; however, this has not been proven.

Figure 4-24 shows the results of a search for a biasing field orientation that will produce a
symmetrical dispersion relation over the bandwidth of a hybrid mode. The purpose was to design a
composite nondispersive delay line. The search was successful. A biasing field in the xy plane with
0 = 43 degrees produces the desired dispersion as shown in Figure 4-24. Cascading two delay lines, each
with a different biasing field magnitude but the same orientation, 6 = 43 degrees, results in the group
delay versus frequency curve shown in Figure 4-25. There is a flat nondispersive region within the
passband of the cascaded hybrid modes. The total group delay is the sum of the two individual delay
lines at any given frequency. This configuration, two cascaded separate delay lines using hybrid
modes, has not been pursued further because of the large ripples and reflection present in the
passband. These occur because the band contains long wavelengths which suffer from large
diffraction loss. The concept, however, seems to have merit for obtaining tunable nondispersive
delays over restricted bands.

1. Parekh, J.P. and Tuan, H.S. (1987) Studles of MSFVW to MSBVW Mode Conversion at a Region of
Bias Field Discontinuity and of the Dispersion of an MSFVW Pulse, RADC-TR-87-201,
ADA189343.
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4.11 Apodization

The term apodization is used to indicate any of three forms of weighted transducer elements.
Thus; length, width, and spacing apodization refers, respectively, to transducers whose electrodes
have weighted length, width and interelectrode spacing. Individual conducting strips, or electrodes,
may be connected in parallel to form a grating, in series to form a meander line, or in some
combination of series and parallel connections. Length and width apodized grating transducers are
shown in Figure 4-26. Each strip has width "ap", length "l," and center to center spacing of adjacent
strips. "pn". Another form of apodization that has been demonstrated to work we! is that of current
weighting.2 The current in each individual strip may also be controlled with external circuitry.

2. Alaiiyan, Y.J., Owens, J.M., Reed, K.W., and Carter, R.L. {1986) MSSW Transversal Filters Based
on Current Weighting in Narrow (10 uym) Transducers, IEEE MTT-S Digest, Paper U 5, 575-578.
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Figure 4-26a. A length apodized transducer. Radiation resistance can be described by Eq. (4-2)
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Theoretical results given here assume current uniformity along the strip length and strip width.
Mutual coupling between current elements and the reaction of the YIG back onto the flat current
distribution are not taken into account. Consequently, the theory is most accurate for narrow strips
and weak coupling between transducer and ferrite.

Figure 4-26a shows a grating transducer that is length apodized. Unconnected electrode pieces
are left in place to reduce diffraction. Orientation of the H fleld shown in the figure is for coupling to
MSSW, although the apodization adapts to forward and backward volume waves. Figure 4-26b shows
a grating transducer with width apodization. Center-to-center spacing of electrodes is uniform.

All results in this section are obtainable from Eq. (1) of Reference 3 which is reproduced here as
Eq. (4-2):

Rl(S) 2

C(n.N)

(4-2)

Rm(s) = X

N
z UnVn
n=1

where C(M.N) = [(1 - 1) + (1 + n)N2]/2

and Up = (M) SQR () exp(-1iknpp)

The parameter 1 = +1 for a grating and -1 for a meander line. Summation is from 1 to N, the number of
individual conducting strips; K (=2n/wavelength) is the magnetostatic wavenumber; lj, is the length of
the nth strip and py, is the center-to-center spacing between conductors. For a transducer made up of
noninteracting strips

Vn = sinclapnK/(2n)] (4-3)

with ap, the width of the nth conducting strip and sinc(x) is defined as [sin(nx)]/(rx).
For a truncated infinite array transducer model

Vn = sinc{2ay, /Ipn (3 - )]} sinc[Kpy /(2x) - (3 +n)/4] . (4-4)

Equation (4-4) applies to apodization of the fundamental normal mode.4% For a given K the
quantities Up, and Vp, are functions of transducer dimensions while C,N) defines how individual
strips are connected together.

4.11.1 MSSW APODIZATION

The term R, (s), defined by Eq. (4-5) below, is a function of liftoff gap g, YIG parameters, and
ground plane spacing t; and l. Its derivation is published in Reference 6.

3. Sethares, J.C. and Weinberg, 1.J. (1979) Apodization of Variable Coupling MSSW Transducers,
J. Appl. Phys. 80(3):2458-2460.

4. Sethares, J.C. (1978) Magnetostatic Surface Wave Transducer Design, IEEE Cat. No. 78CH1355-7,
MTT. International Microwave Symposium Digest, pp 443-446.

Sethares, J.C. (1979) Magnetostatic Surface Wave Transducers, IEEE Trans. MTT 27:902-909.

6. Weinberg, 1.J. and Sethares, J.C. (1978) Magnetostatic Wane Transducers With Variable
Coupling, RADC-TR-78-205, ADA063880.
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wpoexp(-2BKd)

= 4-5
Rils) = TR TFr(K) P [ As | e
where Ag and F'({k) are defined as follows. The quantity w = 2xf is the frequency in radians per
second, I, the permeability of free space, and d the YIG thickness.
_ (T+1)2
As = Jeosh2 (KD (KD) (sinh(2Kl) - 2Kl)
R,eKg - R, e-Kg)2
R, 26" %) (sinh(2Kt,) - 2Kt )
16 sinh?(Kt )
+ 1/8 (R;2(e2Kg-1) - Ry2(e~2K€ -1) - 4R;R,Kg)
N r2(e2pKd %2 (o-2BKd
+§—T(C —1)— 2 (e '1)—2u11m‘d. (4-6)
2sF 1 (K) = t;e PKd (R, eKeé - R,e~K8) csch? (Kt )
~ge BRA[(C + 1)R,eKE + (C - 1) Rye~Kg]
+2Bde-2BKd ((C + 1) (1 - uy)eKe - (C - 1) (1 + ay)e~Kg)
l(a, + ay)sech2(Kl)
- 1 - -Kg_ 1 Kg - .
+{(C - 1)(1 - a)e (C+ 1} (1 + a)eRg] [ - tanh(KI]]2 (4-7)
where
R;=(1 - ay)e PKd 4 (14 q,) T ePKd
R, = (1 + ay)e PKd 4 (1 - o) T efKd (4-8)

C = coth (Kt;)

T = [ay + tanh(Kl)]/[a; - tanh(Kl}]

For a given frequency, magnetic field, and set of dimensions, the magnetostatic wavenumber is
obtained from the dispersion relation, Eq. (4-9).

_[og + tanh(K1)] [a; + tanh(Kr)]
exp(-2pKd) = la; - tanh(K!)] [ag - tanh(K1)] (4-9)

where B = Vu;/ug9

o =Hop B+ SHp

0o = oo B - SK,
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and
T=g+t, (4-10)
The parameter s = (+/-)1 defines propagation direction through the factor
expli(ot - sKx)] .

B and K are real and positive. The u, j are components of the relative p.. ..cability tensor for YIG. For
magnetostatic surface waves in an isotropic ferrite,

Mp=Hop=1-Qy/(Q2-0Qy2) '

Hip = Q/(Q2 - QH2)
where

Qu= H/(4rM)

Q =(o/y)/(4nM) (4-11)

with y the gyromagnetic ratio, 4rM the saturation magnetization and H the internal biasing field.

When there are no ground planes, R,(s) takes on a simple form, and an exponential liftoff
dependence becomes evident. Substitution of A; and F'; into Eq. (4-5) and letting | and t, approach
infinity yields the liftoff dependence when there are no ground planes.

Ry(s) = | R;o(s) | exp (-2Kg) (4-12)
where

OUohay T exp(2BKd)
2Kd(og - 1)2

R,0(s) is independent of liftoff, g. When g = 0, the radiation resistance reduces to that of Ganguly and
Webb's” Eq. (45).

4.11.2 NORMAL MODE AND INDEPENDENT CONDUCTORS

Figures 4-27a, b, and ¢ show apodization of the lowest order normal mode, n=1, of an eight
element meander line. Figures 4-28a, b, and ¢ are similar to Figures 4-27a, b, and c, respectively,
except that the independent conductor model is used for apodization in place of the normal mode
model.

These figures show that if the frequency range of interest is narrow and centered about the
fundamental mode, n=1, then either the normal mode or independent conductor model can be used for
apodization. For wide bandwidth operation, encompassing several normal modes, the independent
conductor model must be used.

7. Ganguly, AK. and Webb, D. (1975) Microstrip Excitation of MSSW, IEEE Trans MTT 23:998.
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Width and nonuniform spacing apodization, for the parameters chosen here, do not
significantly affect frequency response below 3700 MHz. Above 3700 MHz the eflects are pronounced
as evidenced by the double response peak near 3725 MHz in Figure 4-28b.

The magnetic biasing field is 650 oersteds and YIG thickness iIs 6.25 um for all figures. Ground
planes are spaced 254 um from the YIG surfaces. The minus surface wave is the one most weakly
excited with most of its energy on the YIG surface furthest from the transducer. The plus wave has
most of its energy on the YIG surface closest to the transducer. The plus wave propagates in the H x n
direction, where 1 points outward from the same surface.

Apodization parameters for Figures 4-27 and 4-28 are as follows. For width apodization, in
Figures 4-27b and 4-28b, a linear weighting is used: that is, the eight element widths are 58, 98, 138,
178, 218, 258, 298, and 338 um. Adjacent electrodes differ in width by 40 um. Center-to-center spacing
is 356 pm for all adjacent electrodes.

For the electrode spacing apodization, all eight elements are 178 um wide. The eight electrodes
are centered within the following eight adjacent spaces whose widths are 276, 296, 316, 336, 356. 376,
396, and 416 um.

Figures 4-29a and 4-29b compare apodization of plus and minus waves. Tle only significant
difference between the two waves is the magnitude of the radiation resistance at a given frequency.
This does not necessarily imply that one of the waves is more efficiently generated than the other for
all frequencies. For example, neglecting reactances for the moment, the excitation efficiency is
dependent on the relative value of radiation resistance to driving source resistance. Assuming a one
centimeter transducer aperture and a 100 ohm source resistance, then at 3675 MHz the minus wave is
more efficiently excited than the plus wave. This is because the radiation resistance of the minus wave
{see Figure 4-290) is closer to 100 ohms than the radiation resistance of the plus wave (Figure 4-29a) at
the same frequency.

4.11.3 INSERTION LOSS

In Sections 4.11.1 and 4.11.2 we discussed the effects of apodization on the radiation resistance.
In this section we discuss the effects of apodization on insertion loss. For illustration, we chose a
width-weighted 15-element grating transducer. For width apodization and with N=15,n1=1 fora
grating, C(n =1, N) =N2 and; n" =1 for all n, L1, = L1 and pp, = p. then Eq. (4-2) with the help of Egs. (4-3)
and (4-4), becomes:

R, 15 sin(a _K/2) |2
(s) - =L (-iKnp) > Sn*/ <2/ I ]
Rm N2 ng’ne (anK/2)Knp (4-14)
For weighted transducers the delay line insertion loss is given by
(R, + Ry)?% + X2
1.L. = 20 Iog | —2—7 - (4-15)
4Ry Ry, ()

for the independent conductor model. R (s) is now given by Eq. (4-14) with R_(s) a function of N and

an.
The computer programs first calculate R (s) for a given biasing field, frequency and transducer
dimensions. Then X, is obtained by taking the Hilbert Transform of R;;, = R (+) + R,(-). Figure 4-30
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Figure 4-30. Width Apodization of a 15-Element Grating Transducer Using Independent

Conductor Analysis

a. No apodization, top figure, Table 4-1, Column A

b. Apodized, narrow strips in center, middle figure, see Table 4-1, Column B
c. Apodized, Wide strips in center, lower figure, see Table 4-1, Column C
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shows insertion loss versus frequency. Figure 4-30a is the insertion loss of a uniform, nonapodized
transducer. For all three curves in Figure 4-30, biasing field H = 375 oersteds. ground plane spacing
T1 = 228.6 um, transducer liftoff g = 25.4 pm, ground plane spacing L = 10 meters, which is effectively
infinite, YIG thickness d = 16 um, center to center spacing of individual transducer strips p = 300 um,
number of strips N = 15, n = 1 for the parallel grating connection, transducer aperture L1 = 5 mm, YIG
linewidth AH = 0.3 oersteds, and propagation distance = 1 cm. For the uniform transducers (Figure
4-30a) all strips are 150 um wide. Strip widths for Figure 4-30 are given in Table 4-1.

Table 4-1. Strip Widths for Figure 4-30

n ap (um)
(a) (b) {c)
1 150 240 30
2 150 210 60
3 150 180 90
4 150 150 120
5 150 120 150
6 150 90 180
7 150 60 210
8 150 30 240
9 150 60 210
10 150 90 180
11 150 120 150
12 150 150 120
13 150 180 90
14 150 210 60
15 150 240 30

The fundamental transducer response, synchronism, for all three cases occurs just ahove
3000 MHz. The fundamental spatial periodicity and the MSW wavelength are the same, 300 um, for all
responses. For the uniform grating, (Figure 4-30a) the first spatial harmonic occurs just below
3400 MHz where the MSW wavelength is 150 um. In the other two apodized responses, the first spatial
harmonic occurs just above 3250 MHz where the wavelength is close to 225 ym. The theoretical
apodization formula, Eq. (4-2), has been independently verified by Ishak8. It is most accurate when
strips are narrow compared to interelectrode spacings.

8. Ishak, W., Hewlett Packard, Palo Alto, CA, private communication.
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5. EXPERIMENTAL DATA

Chapter 5 describes the results of MSW experiments performed at RADC. Many of the results
have not previously been published. In those instances where they have been published, the more
important results are highlighted, and references to the original lterature are provided for further
details.

Three types of experiments were performed. In one type, CW experiments on delay lines using a
network analyzer were performed to measure scattering parameters. From scattering parameter
measurements, insertion loss and phase delay are obtained. In a second type of experiment, a
spectrum analyzer is used to measure oscillator frequency spectra. The third type uses RF pulses
containing many RF periods. The shortest pulse length used was 20 nsec because of equipment
limitations. Pulse propagation times are measured directly with an oscilloscope. Sections 5.1, 5.2,
and 5.3 describe insertion loss measurements using CW experiments. Section 5.4 describes pulse
propagation experiments and Section 5.5 describes oscillator experiments. The remaining sections in
Chapter 5 describe various aspects of MSW characteristics or devices.

5.1 Insertion Loss and Time Delay from Scattering Parameters

Insertion loss versus frequency, and phase versus frequency for a delay line were measured with
the network analyzer shown in Figure 5-1. The analyzer actually measures scattering parameters
from which insertion loss and time delay are derived. Figure 5-1a shows an MSW delay line under
test. Insertion loss versus frequency is displayed on the screen. Figure 5-1b shows insertion phase
versus frequency for the same device over the same frequency range. Experimental IL data can be
compared directly with computer generated IL data. Group time delay is derived from the slope of the
nhase versus frequency network analyzer output data.

The magnitude of the scattering parameter S21, in dB, is the same as the IL from computer
generated output. The zero dB reference level in Figure 5-1a is at the top of the scope screen. Increasing
IL is downward on the vertical scale. The horizontal scale is frequency. Essentially, Figure 5-1a
displays the frequency passband of a delay line. The phase ¢, of S21, is equal to ¢+ ¢ x where
¢k = KAR, K = 2r/A is the MSW propagation constant and AR the distance between input and output
transducer, thus

¢ =00+ 0k (5-1)

The EM phase shift in connecting cables and connectors external to the delay line reference planes is
¢o. Over the bandwidth of an MSW delay line, ¢y is generally much larger than ¢. except in the very
long MSW wavelength region where all MSW theories break down anyway. The network analyzer
displays phase shift modulo 360 degrees. In Figure 5-1b the vertical scale extends from -180 to +180
degrees. The absolute phase value is determined by adding an appropriate integral number of 360
degrees of phase shift. Long MSW wavelengths, for which K approaches zero, occur at the low
frequency end of the passband for MSSW and MSFVWs; and at the high frequency end of the passband
foo MSBVWs. This latter point is further discussed in connection with Figure 5-2. Figure 5-2 depicts
phase shift versus frequency of a MSBVW delay line (see Figure 5-2a) and a MSSW delay line, (see
Figure 5-2b). First, we note that the phase versus frequency line segments change slope as a function of
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a.

b.

"IL" versus {. Horizontal scale,
2500-3500 MHz. Vertical scale,
10 dB/div, minimum, IL = 12 dB.

Transmission phase versus f.
Horizontal scale 2500-3500 MHz.
Vertical scale, 90 deg/div.

Figure 5-1. Network Analyzer Displays of Insertion Loss and Transmission Phase as Function of
Frequency, for Unmatched Delay Line.
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frequency. This is due to the dispersive nature of MSW. That is, different frequencies travel with
different velocities. Secondly, we note that larger slopes occur at opposite ends of the frequency band
for MSBVWs and MSSWs. This means that over a finite bandwidth, two delay lines can be connected
in serles to produce a cascaded device in which total group time delay is constant, that is, independent
of frequency.

The relationship between group time delay and phase of S21 can be obtained as follows. Group
velocity is given by Eq. (5-2).

vg=32 (5-2)

and group time delay is given by,
’tg = AR/Vg (5'3)

where AR is the distance between input and output transducers. For a small change in frequency: A¢, a
small change in ¢, is very nearly equal to A¢x = ARAK, because ¢ is much less sensitive to frequency
changes than is ¢g. With A¢ = ARAK and the use of Egs. 5-2 and 5-3, we have for well behaved
functions, that is no discontinuities in ¢ versus o,

__lim [AQ;
*¢=ar—o0 laow

(5-4)

From Figure 5-2 we can see the variation of group delay across the passband. Further, a large (small)
slope, A¢/Aw, means a long (short) time delay.

5.2 Dispersion Relation from CW Experiments

At a fixed frequency, the propagation cunstant K may be determined from Eq. (5-1) using the
approximation that ¢ << ¢x. This is an excellent approximation over most of the passband. It breaks
down near the end of the passband where K — 0. The close agreement between theory and experiment
is shown in Figure 5-3. The solid line is a theoretical curve from the computer programs and the
dashed line represents experiment. E: perimental data were taken from 2380 to 3250 MHz which
corresponds to an observable bandwidth of 870 MHz. Outside this band insertion loss was excessive.

5.3 Insertion Loss: Theory and Experiment

Agreement between theory and experiment of the insertion loss of single element transducers,
and of a small number of narrow multielement transducers, is excellent, especially considering the
assumptions made. This is shown in Sections 5.3.1 and 5.3.2. For a small number of thin conducting
strips, no significant differences have yet been found between the predictions of the two models
described in this report, the TT and TL models. When the number of transducer elements is large and
strips are wide both theories break down catastrophically. This is demonstrated in Section 5.3.3.

5.3.1 SINGLE ELEMENT TRANSDUCERS

Figure 5-4 shows the excellent agreement between theory and experiment for single element
transducers. The figure is for a FVW delay line having a pair of single element transducers. The delay
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Figure 5-3. Theory versus Experiment Using Data Obtained from Phase of S21, a Transmission
Scattering Coefficient
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Figure 5-4. Theory versus Experiment for Single Element Transducers and FVW Delay Line.
Theory: two terminal model, TT.
Experiment: Data supplied by N. Vlannes, MIT, 1984.
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livte wies tabricatcd o e contral poition ol a one inch diansewor YIG film so that reflections from
edges were mininaized. Pavamicters used for the T model program are listed in the figure. Input
paramieter H, for (heowetical caleulations, is the internal demagnetized field.

Siniital agrecinent between theory and experiment, as represented by Figure 5-4, exists for the
other two principal MSW mnodes

Figute 5-5 also shows excellent agreement belween theory and experiment for single element
transdtic cis, o this case 3158W Here, however, the elfects of changing the coupling between
transducer and Y1G 15 dalso showre The upper left hand figure, h = O, corresponds to a transducer
touching the YIG suttace  Parameter h gives thie number of mitls (thousandths of an inch) between
transducer and Y1, The spacig was implemented with mylar spacers. Theory used is the TT model
and the experitnental dataowas provided by J. Parckh at the State University of New York at

Stonybrook.

5.5.2 MULTHL EMENT TRANSDUCER DLILAY LINES

Figuie 50 shows teasonably good agreeinent between theory and expertinient for a 2-element and
au 8-elemeni MSSW device  No loss was included in the theoretical curves. Experimental data was
provided by H. Wu. fvom the University of Texas at Arlington. Clearly, the main features of the
experiments are predicted by the theory, The fine structure and side lobe levels near the main
response in the 8 clemeit device are not adeqguately accounted for by the theory. The experimental
response near the low end of the frequency band for the 8-eleinent device shows significant deviation
Irom theory. This devialion becomes more apparent as the number of elements increases, as shown

dramatically it the next section.

5.3.3 LIMITS OF THE THEORY

As has been stated several times in this report, present MSW transducer theory works well for a
small number of thin conducting strips. When the number of strips is large, 15 for example, and the
strips are¢ wide in comparison to interelectrode spacing, the theory breaks down catastrophically.
This is shown in Figure 5-7.

Figure 5-7 shows the theoretical and experimental insertion loss for a 15-element grating
transducer. Two of the transducers have heen width weighted as indicated in the figure. Periodicity of
all three transducers is the same so that the main transducer response occurs at the same frequency,
3 GHz, for all three transducers.

Near the main response, theory is breaking down primarily because the strips are wide. The
theory should work well as long as the strips are narrow, and as long as overall transducer
dimensions are smiall compared to electromagnetic wavelengths. The number of strips may actually
be large while at the same time satisfying the preceding conditions. As for the weighting theory, it has
been tested for narrow strips. It works well.

Near the low end of the passband, 2.5 GHz, theory and experiment do not agree. This is because
several assumptions are violated here at the low frequency end of the MSSW passband. MSW
wavelengths are comparable to transducer dimensiors, and MSW beams spread out. They are not
collimated as they are when MSW wavelengths are small compared to transducer aperture.
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MSSW INSERTION LOSS

VERSUS FREQUENCY
THEORY AND EXPERIMENT

0 0
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h GAP BETWEEN TRANSDUCER AND YIG SURFACE

Figure 5-5. MSSW Passbands for Various Values of Liftoff; Theory and Experiment. Experimental
data provided by J. Parekh, NYSU at Stonybrook.
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We note an interesting MSW characteristic depicted in Figure 5-7. The 2.5 GHz response near the
low end of the passband is strongly dependent on transducer structure. In addition, the response for
one of the width-weighted transducers, the one on the right, appears to make a good band pass fiiter.
This leads us to the conclusion that there are two alternatives for designing MSW fllters. One is based
on the use of apodization of the fundamental transducer response using narrow strips; this is the
analog of SAW filters; and the second is based on the use of long MSW wavelengths. The latter
technique has the advantage of low loss, and the disadvantage of no adequate design theory. The first
alternative has the advantage of a good theory, but, the disadvantage of large loss. These points need
to be considered when attempting to design MSW filters.

5.4 Pulse Experiments

In general, for any of the three pure propagation modes, useful MSW pulse propagation times do
not exceed about 1000 nsec. Larger time delays result in either excessive loss, pulse spreading, or both.
These points are quantified somewhat in the following three sections.

5.4.1 SHORT PULSES AND ECHOES

Figures 5-8 and 5-9 summarize the results of experiments on 3 GHz MSFVW pulses over relatively
short distances, less than about 250 nsec. Further important details of these experiments appear in
Reference 1. Figure 5-8 shows the paths taken by four received pulses, and Figure 5-9 shows the
received pulses and how they are reduced or enhanced, by properly concentrated magnetic biasing
fields. That is, nonuniform fields are used near the sample ends for pulse control.

———-“-|-l——l-o-—> L2 ————

.LYIG FILM &1

IN

Figure 5-8. MSW Pulse Propagation and Reflections on a YIG Slab

Iy

1. Taylor, V.L., Sethares, J.C., and Smith, C.V. (1980) MSW Terminations, IEEE Ultrasonics
Symposium Proceedings, 8OCH1602 2.
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Figure 5-9.

Oscilloscope Traces of Received MSW Pulses Following Paths Indicated in Figure 5-8
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Figure 5-8 shows a rectangular YIG film upon which two MSW pulses are launched, one in each
direction, at the input end. The pulse that travels directly from input to output transducer is detected
first. Pulses that reflect off end faces are detected later, the exact time depending on specific paths
taken and biasing fields encountered along t%L.e propagation path. By modifying the magnetic biasing
field near the ends of the propagation paths, reflected waves are affected. For example, pulses t2 and t4
may be eliminated from the oufput, without affecting t1 and t3. by placing an absorber at the output
end, or by making the region absorbing using bias field control.

In the top photo in Figure 5-9, the first small pulse at the extreme left is an RF leakage pulse
detected at the output. Its time delay is negligible. Pulse width is about 20 nsec maximum. The second
and largest pulse, with 100 nsec delay, is the direct MSW pulse t1. Pulses t2 and t3, with about equal
amplitude, are next, and the final pulse, t4 at 200 nsec delay, has slightly lower amplitude. The
extraneous pulse immediately following the direct pulse and before pulse t2, is not understood. The
same pulse appears in the second photo between t2 and t3. The second photo shows elimination of
pulse t4 and reduction of t3, without affecting t1 or t2. The third photo shows enhancement of t1 and
t3, and a large reduction in t2 and t4. The final photo shows elimination of all except the direct pulse.
At the same time the direct pulse is greatly enhanced. All of these result are understood in terms of a
combination of absorption and enhancement of waves in the regions outside of the direct propagation
path.l Note that the pulses maintain their shape quite well for these short delays. In particular, there
is not much pulse spreading for delays less than 250 nsec. Note also that, amplitude of the leakage
pulse has been maintained at a constant level, by adjustment of the input signal, for all four photos.

5.4.2 PULSE SPREADING FOR LONG DELAYS

Because of the dispersive nature of MSW, one would expect the pulse to spread out as time delay
increased. At a given frequency, increased time delay is achieved through reduction of the biasing
field, in the case considered in this section, MSSW. Figure 5-10 shows the output of a C Band MSSW
delay line. Reflected pulses, similar to pulses t2, t3, and t4 in the previous figure, are suppressed by
cutting the ends of the YIG films at an angle and by absorbing reflected signals on the bottom roughed-
up YIG surface. Further details of this experiment are provided in Reference 2. The wave has no abrupt
material discontinuities to reflect from. As the delay increases one can see both an increased loss and
pulse spreading. Pulse width has almost doubled, for a delay of one usec.

In the set of photos in Figure 5-10, the top single pulse is the direct leakage pulse. The RF pulse is
at 4 GHz. In the 0.4 usec delay photo, the input pulse level has been reduced from what it is in the first
photo. It can be seen that the direct MSW pulse is much larger than the RF leakage pulse. In
subsequent photos. which correspond to different biasing fields, the input pulse levels (with the
exception of the last one) have been adjusted to maintain a relatively constant output level.
Somewhere between a delay of 0.8 and 1.0 psec the direct MSW signal and the RF leakage signal are
equal. The leakage was measured to be about 40 dB down from the input signal level, so the MSW
attenuation is excessive, greater than 30 dB, at 1 pusec delay. These results are typical for MSW;

2. Sethares, J.C. and Stiglitz, M.R. (1974) MSSW Delay Lines, IEEE/MTT International Sympostum
Proceedings, 74CH0838 3, pp 253-255.
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Figure 5-10. Oscilloscope Traces of MSSW Pulse Spreading as a Function of Delay Time




therefore, MSW technology will be most useful in those applications requiring delays below
approximately 500 nsec.

A similar experiment was performed at X Band with a 120 nsec pulse width. Pulse width was
measured as a function of delay time. Results are shown in Figure 5-11. Pulse spreading is seen to
increase rapidly with increasing delay times.

. 5.4.3 PROPAGATION LOSS AND LINEWIDTH

YIG films are generally characterized by their resonance line width in oersteds. That is, as the
- magnetic field is tuned through ferromagnetic resonance, FMR, the field difference between half power
points is the linewidth, AH. Good LPE/YIG films have linewidths of less than 1 Oe, by far the lowest
linewidth material available today.

Experiments were conducted in an attempt to relate propagation loss with linewidth.3 The
experiments led to the following quantitative relationship between propagation loss and linewidth.
Loss in dB per microsecond equals 76.4 times the linewidth in oersteds. This relationship is used in
the computer programs to calculate propagaticn loss.

Figure 5-12 shows experimental results for the loss measurements. An important point to note
in this figure is that experimental propagation loss is linearly related to frequency above 3 GHz. The
loss mechanism below 3 GHz is a complicated function of frequency dependent magnetic domain
dynamics and anisotropy. It is beyond the scope of this report. The dashed lines in Figure 5-12 are
theoretical and based on a phenomenological Gilbert magnetic damping parameter.3

Figure 5-13 shows the experimental setup used for most of the pulse experiments in Section 5.4.
Field orientation is shown only for MSSW in this figure. For some of the experiments, the pulsed RF
signal generator was replaced by a stabilized CW source and an external fast RF switch. This was done
for experiments requiring short pulses, of about 20 nsec duration. A local oscillator CW signal was
combined with the received pulse in a mixer/preamp for increased sensitivity.

5.5 MSW Oscillators

The basic experimental setup for oscillator experiments is shown in Figure 5-14. Depicted in the
figure is a narrow band BVW delay line oscillator. When the gain of amplifier A is adjusted to
compensate for MSW delay line loss and all circuit loss external to the line, and when the H field is
adjusted so that the feedback signal at the input end of the delay line is of the proper phase,
oscillations will occur. These conditions can be satisfied at several frequencies simultaneously
depending on the magnitude of MSW dispersion and the passband loss versus frequency
characteristics. Important oscillator parameters include the relative time delay of the MSW delay
line and the electromagnetic delay in the rest of the oscillator feedback loop. Reference 4 provides

- further details of the work described in this section.

3. Sethares, J.C. and Stiglitz, M.R. (1974) Propagation Loss and MSSW Delay Lines, IEEE
Transactions on Magnetics, MAG 10, (No. 3):787-790.

4. Sethares, J.C. and Stiglitz, M.R. (1981) Magnetostatic Wave Oscillator Frequencies, J. Appl.
Phys. 52, (No. 3), Part 11:2273-2275.
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Figure 5-14. Block Diagram of MSW Oscillator
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5.5.1 WIDE BAND DELAY LINE

Figure 5-15 shows a comb of simultaneous oscillator frequencies produced by an MSW delay line
oscillator. For this oscillator the delay line has narrow single transducer strips at input and output,
making it a wideband delay line. Note that all amplitudes are approximately equal. This is
characteristic of such oscillators. The Q of these oscillators is on the order of 1000. All three pure
MSW modes of propagation will produce a similar comb of frequencies under similar conditions. As
the magnetic field is increased the comb of frequencies is shifted up or down in frequency depending
on the particular mode used. In addition to this frequency shift, another phenomena, frequency
hopping, may occur.

The cause of frequency hopping, the turning on and off of oscillator signals as H is changed, has
been traced to the relative time delay difference between MSW delay and EM time delay external to the
delay line. If the EM time delay is zero, frequency hopping does not occur. When EM time delay is not
zero, frequency hopping occurs and it is more severe with larger EM delays.

C.F.=2990MHz,N=I

10dB8/DIV

IOMHZ/DIV

Figure 5-15. Spectrum Analyzer Display of a Wideband MSW Delay Line Oscillator, N=1
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5.5.2 NARROWBAND TRANSDUCERS (N=15)

Figure 5-16 shows a single oscillator frequency produced by a narrow band delay line oscillator.
In this case each transducer has 15 strips with 300 um center-to-center spacing. The MSW wavelength
therefore is 300 um. Another oscillation may occur at 150 um wavelength; however, the frequency
corresponding to this wavelength is outside the frequency range of the spectrum analyzer display.
Again, the signal may be tuned via the magnetic biasing field, and frequency hopping occurs because
the EM external circuit delay is not negligible in comparison to MSW time delay.

3668 MHz, N=I5,A=300.m, D-2

2dB/DIV

IOMHz/DIV

Figure 5-16. Spectrum Analyzer Display of a Narrow Band MSW Delay Line Oscillator, N=15

5.5.3 OSCILLATOR TUNING

Figure 5-17 shows an octave frequency range over which the narrow band delay line oscillator
was tuned. Over this frequency range, hopping was present. Tuning sensitivity is seen to be on the
order of 3 MHz/Gauss. The theoretical curve was obtained by assuming an MSW wavelength of 300 um
and calculating the frequency from the dispersion relation. The agreement between theory and
experiment is seen to be excellent.
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5.6 MSW Device Characteristics

In this section, we present experiments related to MSW passband ripple, electronic tuning,
switching speed, and anisotropy.

5.6.1 AMPLITUDE RIPPLE

In Section 5.4, we discussed experiments in which MSW pulses were eliminated with nonuniform
biasing fields. The mechanism for this effect is based on the fact that when MSSW or MSFVWs enter
regions where the biasing field decreases with distance, MSW wavelength at a given frequency also
decreases. Since shorter wavelengths experience higher loss, the wave attenuates as it propagates.

The rate of absorption can be large, the rate depending on the magnitude of field gradient. When
pulses are absorbed. they do not reflect back onto the propagation path and cause interference and
amplitude ripple. Nonuniform fields can therefore be used to reduce ripple in MSW devices. Such a
reduction in amplitude ripple is shown in Figure 5-18. Also see Reference 1. Here, the biasing field
near the end of a YIG slab was reduced by appropriately placed permalloy films. Ripple reduction, in
this case, extends over almost the entire MSW passband.

Many other ripple reduction techniques have been used by us and others. These techniques
include: cutting the ends of a YIG slab at an angle to reduce the amount of energy reflected straight
back: strategically placing lossy ferrites, and other absorbers, in propagation regions; tapering the
thickness of the propagation media; and roughing up YIG surfaces.

5.6.2 PHASE SHIFT RIPPLE

Figure 5-19 compares phase and time delay characteristics of coaxial cable and MSW as
measured by a phase locked automatic network analyzer between 3000 and 3100 MHz. The first set of
data, on the left, shows system accuracy. That is, input and output terminals of the analyze~ are
connected through a short low loss cable. Time delay is zero within 0.5 nsec error and phase deviation
is zero with 0.5° error. In the second set of data, in the middle, a 3 foot coaxial cable has similar phase
and time delay ripple. Absolute time delay is about 4.5 nsec. In the third set, on the right, phase ripple
of the MSW device is about the same as that of the coaxial cable, and better than a 3 bit diode phase
shifter; refer to Figure 5-20. Time delay is about 30 nsec at midband and the delay ripple about
1.5 nsec. This apparent delay ripple can be significantly reduced by averaging techniques.

Figure 5-20 shows phase and time delay characteristics of a conventional 3 bit switched line
phase shifter. These characteristics can be used for comparison with MSW delay lines. Note the ripple
in insertion loss and phase. The group delay of this device is about 0.6 nsec, as can be verified from the
slope of the phase versus frequency curve, S21 DEG, in the lower left portion of the figure. It would be
difficult to obtain this information from the delay plots in the upper right portion of the figure. Group
delay plots are very sensitive to the number of frequency data points used in the measurement. Group
delay, which is equal to the derivative of phase with respect to frequency, is calculated from the phase
data measured by the network analyzer. Two successive measurements are uced to calculate
differential phase and frequency to give group delay as in Eq. (5-5).

(6o - ¢,)

Group Delay = 0y - ;)

(5-5)
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Based on these comparison measurements, it is concluded that phase ripple, as opposed to time
delay ripple, is a more realistic criteria for evaluating delay lines. In addition, phase ripple on MSW
devices is about the same as it is on coaxial cable. Reference 5 provides further details.

To approximate actual group delay. closely spaced frequency points should be used; however, this
results in rapid artificial fluctuations in group delay. The only way to obtain meaningful delay results
is to use averaging techniques, but this can remove real delay variations. Again, phasé measurements
are a more meaningful way of evaluating phase shifters and time delay units than are group delays.

5.6.3 MAGNETIC FIELD TUNING

Experiments were performed to measure the amount of tuning possible using a flat current
carrying slrip.6 One experiment was implemented as indicated in Figure 5-21. The figure shows a
microstrip line coupled to a thin YIG film disk which was grown on a GGG substrate. A current
carrying tuning strip is perpendicular to a microstrip line. The magnetic field produced by current I
adds (or subtracts when I is neative) to an applied biasing field H. This particular experimental
configuration is a band stop filier when RF input and output signals are as shown in the figure. As the
frequency is swept, maximum energy is absorbed by the YIG film at ferromagnetic resonance, FMR At
frequencies far from FMR, little energy is coupled into the YIG film.

In another experiment, two microstrip lines were coupled through a square YIG film resonator.
Al FMR, energy was coupled from one to the other, thus forming a band pass filter (see Appendix D).
The response of such a filter is shown in Figure 5-22. Again, using a current carrying tuning strip, the
FMR frequency can be shifted with current I. A plot of frequency shift versus current is shown in
Figure 5-23. The theoretical curve is based on Eq. (5-6) from Reference 6,

H+ 2xM 1 A
Aw =y (m) n—Amn"l (53(-)] I, {5-6)
where A is strip width, and X is the spacing between current strip and YIG film. Agreement between
theory and experiment is excellent. For the structure shown in Figure 5-21 the tuning sensitivity is
about 10 MHz/amp.

5.6.4 MAGNETIC FIELD SWITCHING SPEED

In a third experiment, current I was amplitude modulated with the results shown in Figure 5-24.
In the figure. the horizontal scale is time and the vertical scale is frequency. Frequency was shifted
from 3310 MHz to 3306 MHz in about four psec. Thus, the switching speed is about 1 MHz/usec.

5.6.5 TEMPERATURE SENSITIVITY

Figure 5-25 shows how the phase near midband frequency of an MSW delay line varies with
temperature over a 100°C range. As indicated in the figure, this temperature dependence is accurately

5. Sethares, J.C. and Floyd. R. (1985) MSW Applications for Phased Array Antennas, Circuits
Signals and Signal Processing, Vol. 4, No. 1-2, pp 335/350.

6. Tsai, T.L. and Sethares, J.C. (1977) Band Stop Filters, IEEE/MTT-s International Microwave
Symposium Digest, Cat. No. 77/CH1219/8S, pp 526, 7.
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Figure 5-21. Figure Showing Construction of a Tunable Planar I.PE/YIG Bandstop Filter
Implemented in Microstrip
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predicted theoretically so that temperature compensation techniques can effectively be used within an
enclosed structure protected from ambient temperature variations. Measurements were done on
MSSW delay lines with temperature variation in the YIG only. The biasing magnet was held at a
constant temperature. Theory B neglects ground plane effects in the dispersion relation. Theory A
takes them into account.

5.6.6 MAGNETOCRYSTALLINE ANISOTROPY

All MSW device designs neglect the effects of magnetocrystalline anisotropy because it is small.
Figure 5-26 shows how small the effect is in practice.” Shown here is FMR frequency versus sample
rotation. Thin circular LPE/YIG film disks were biased to resonance. As the film was rotated about an
axis perpedicular to the film plane, the shift in FMR frequency was measured. As can be seen in the
figure, the fre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>